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ABSTRACT 
The occurrence of preferential flow for rapid movement of solute through soil has been 
reported. However, tliere are not many practical methods to detect, quantify, and identify 
preferential flow. The characterization of preferential flow would improve our understanding 
of field water and solute behavior. A concept that separates water content into "mobile" and 
"immobile" domain has been successful in describing some forms of preferential solute 
transport. The mobile-immobile model (MIM) has three significant parameters- immobile 
water content (0, J, mass exchange coefficient (a), and dispersion coefficient (0^,). Although 
one can determine these parameters by applying inverse methods to effluent breakthrough 
curves (BTC), obtaining BTC in the field is not always practical. 
In this study, a sequential tracer (ST) method to estimate 6|„ and a was tested in 
laboratory soil columns, comparing the estimated parameters from the ST method to the 
estimated parameters from the inverse BTC fitting method. The estimated parameters from 
the ST method were similar to the parameters from the effluent BTC. 
Two time domain reflectometr>' (TDR) methods for determining MIM parameters were 
developed and evaluated by using carefully controlled laboratory experiments. For a shallow 
(0-2 cm) TDR probe method, the TDR determined parameters were similar to the parameters 
estimated from the ST method and from the observed effluent data. A simulation study 
predicting effluent BTCs using the TDR determined parameters demonstrated the feasibility 
of the shallow TDR probe for characterizing solute transport in soil cores. In all cases, the 
average coefficient of determination, r^, for the predicted BTCs was 0.99. For a vertical TDR 
probe method, there was not always full agreement between the TDR determined parameters 
and effluent determined parameters. However, predicted BTCs obtained firom the TDR 
method were similar to the observed BTCs with the average r being 0.94. 
The ST method and the two TDR methods are promising methods for estimating MIM 
vi  
parameters. The TDR methods are relatively simple and reliable. Furthermore. TDR is 
portable and can be multiplexed so that one can install probes at multiple locations in field. 
However, the TDR methods should be further examined in situ. 
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CHAPTER 1. GENERAL INTRODUCTION 
Groundwater is a valuable resource lying beneath much of the Earth's land surface. More 
than 90 % of the rural and 75 % of the urban population in the United States depends on the 
groundwater (CAST. 1992). Reliance on groundwater has increased greatly over the past 35 
years because of population shifts to areas where surface water is often not plentiful. 
However, the use of chemicals such as fertilizers and pesticides in industry and agriculture 
has increased during die last five decades. The leaching of the chemicals below the vadose 
zone or root zone can eventually contaminate the groundwater. The USEPA's national survey 
of drinking wells reported that nitrate (NO3-N) was die most commonly found contaminant 
with 2.4% and 1.2% exceeding the drinking water standards of 10 mg L"' of the rural wells 
and community water supplies, respectively (USEPA, 1989). Since, herbicides are widely 
used in 98% of the com and soybean fields in Iowa, it is important to prevent groundwater 
from herbicides contamination (Wintersteen and Hartzler. 1987). In Iowa, concentration of 
atrazine in tile effluent from com plots was found to be 1.3 to 5.1 fig L'' and exceeded the 3 
|ig L"' USEPA maximum contaminant level in more than 40% of the water samples (USEPA. 
1992; Jayachandran et al. 1994). 
The fate of agricultural chemicals in the environment depends on many factors such as 
soil type, soil structure, rainfall, tillage and chemical management practices. However, the 
movement of water and solutes in the vadose zone is not fiilly understood due to complexities 
of soil. Numerous studies during the past decades have clearly shown that water and 
chemicals can move through soil along preferred pathways (Ehlers. 1975; Quisenberry and 
Phillips. 1976; Kanwar et al.. 1985; Rice et al.. 1986) such as macropores. cracks, root 
channels, worm holes, and wetting fi-ont instability. This phenomenon is variously called 
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macropore flow, short-circuiting, bypassing, partial displacement, or physical non-
equilibrium transport (Brusseau and Rao, 1990). This preferential flow or physical non-
equilibrium can result in rapid movement of chemicals to the water table. Li and Ghodrati 
(1997) reported preferential transport of solutes under unsaturated flow conditions, being 
higher in fine-textured soils than in the coarser soils. Preferential flow may be a leading cause 
of water contamination by agricultural chemicals and may in part explain why screening 
models that ignore preferential flow do not predict observed spatial patterns of groundwater 
contamination (USEPA. 1992). Preferential flow is much the same whether it occurs in 
structured soils or homogenous sandy soils and especially important for those chemicals that 
are toxic in parts per billion or trillion (Steenhuis et al., 1995). Therefore, it is important to 
understand the movement of water and solute transport in soil matrix and through preferential 
flow to shallow groundwater under different systems. However, there are no practical 
methods to detect, quantify, and identify preferential flow in the field. A practical method to 
determine solute transport properties under different conditions would provide important 
information to minimize and ameliorate adverse effects of contaminants of chemicals in 
groundwater that we are drinking. This information can be used for modeling of solute 
transport to predict movement of contaminants as well as for physical, chemical, and 
biological remediation of the contaminants. Managing soil and groundwater systems can also 
be improved if both hydraulic and solute transport properties can be simultaneously measured 
in the field. This would provide a clear image about the water and solute behavior and, 
hence, management decisions would be implemented with more confidence and reliability. 
Therefore, there is a great need for developing a practical field method to characterize 
preferential flow. 
J 
One approach to characterize preferential flow has been to divide the soil water into 
zones or domains of mobile and immobile water (Coats and Smith. 1964; van Genuchten and 
Wierenga, 1976). Many studies (Rao et al., 1980; Nkedi-Kizza et al., 1983) have shown that 
the mobile-immobile model (MIM) can describe some forms of preferential solute transport. 
The MIM has three significant parameters, immobile water content (0|^ ). mass exchange 
coefficient (a), and dispersion coefficient (D^), to describe non-sorbing and conservative 
solute transport. Although one can determine the parameters by applying inverse methods to 
effluent breakthrough data, obtaining effluent breakthrough data in the field is not always 
practical. 
Clothier et al. (1992) first introduced a method to estimate 0|n, of field soil using a 
tension infiltrometer and a conservative tracer (Bf). The Br" tracer was applied through a 
tension infiltrometer with steady-state infiltration. After applying sufficient infiltration of 
tracer, soil samples were taken and analyzed to calculate If all the soil water is mobile, 
the concentration of the tracer should equal to the input concentration. Based on the 
concentration difference between the input and soil sample, one can calculated 0,n,. 
Similarly, Jaynes et al. (1995) presented a technique that can estimate both 0,„ and a. 
They developed a log-linear equation showing the relationship between tracer concentration 
and time of tracer application using the MIM. One can estimate bodi 0in, and a analyzing 
tracer concentration of soil sample using their equation. In order to apply the equation, a 
sequential benzoate tracer (ST) was applied through a tension infiltrometer. The Jaynes et al. 
(1995) ST method was tested m the field (Casey et al.. 1997) and provided representative 
MIM parameters. 
The ability to take measurements continuously and automatically, in a low-disturbance 
way, makes time domain reflectometry (TDR) a potentially valuable tool for observing solute 
transport. Since Dalton et al. (1984) first proposed simultaneous TDR measurement of 0 and 
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bulk soil electrical conductivity (aj, which is directly related to soil solution concentration, a 
number of studies (Vancloosteret al., 1993; Wardetal.. 1994, 1995; Mallants et al.. 1994, 
1996; Heimovaara et al., 1995; Risler et al.. 1996; and Persson. 1997) have been done to 
evaluate the performance of TDR. These studies focused on constructing BTCs based on 
TDR measured 0 and a,. 
One objective of this study was to test the sequential tracer (ST) method in laboratory 
soil columns by comparing the 0jn, and a obtained from the ST method to the 0,n, and a 
obtained from the inverse BTC fitting method. Another objective was to develop and 
evaluate two field applicable TDR methods for determining MIM parameters. Undisturbed 
soil columns were used to compare the estimated MIM parameters from the TDR methods to 
the parameters estimated from effluent BTCs and from the ST method. A simulation study 
was conducted predicting effluent BTCs using estimates from the TDR methods by 
comparing to the observed BTCs. 
Dissertation Organization 
This dissertation is organized into four technical articles, which will be submitted to or 
have been accepted for publication in professional journals. The first article (Chapter 2), 
which was accepted in Soil Science Society of America Journal on July 12, 1999, describes a 
study of testing a sequential tracer (ST) technique (Jaynes et al. 1995) to estimate mobile-
immobile solute transport model (MIM) parameters. The estimated parameters fi:om the ST 
method were compared to the parameters from the effluent breakthrough curve (BTC) data. 
The results showed good agreement between the ST method and BTC data. The result of this 
test is the basis of the second article (Chapter 3), which has been submitted to Soil Science 
Society of America Journal. A time domain reflectometry (TDR) method based on the ST 
method was presented to determine the MIM parameters. The third article (Chapter 4) studies 
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using a shallow TDR probe to describe solute transport through the deeper soil profile. 
Chapter 4 will be submitted to Soil Science Society of America Journal. The final article 
(Chapter 5) examines a vertical TDR probe for determining the MIM parameters. The vertical 
TDR probe method uses a very short pulse input of tracer and mass balance calculation. This 
article will be submitted to the Joumal of Environmental Quality. 
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CHAPTER 2. EVALUATION OF A SIMPLE METHOD FOR ESTIMATING 
SOLUTE TRANSPORT PARAMETERS: LABORATORY STUDIES' 
A paper accepted for publication in Soil Science Society of America Journal 
Jaehoon Lee-. Dan B. Jaynes^. and Robert Horton-
ABSTRACT 
A two-domain, physical nonequilibrium solute transport model has been used to describe 
the transport and fate of solute in soil. The model contains the parameters Bjn, (immobile 
water content) and a (mass transfer coefficient) which must be determined for a soil before 
applying the transport model. A simple field method that can estimate both and a 
without measuring extensive breakthrough curves has been presented. The purpose of this 
paper was to test in laboratory soil columns the simple method of estimating parameters by 
comparing to the conventional breakthrough curve (BTC) analysis method of parameter 
estimation. The experiments involved 12-cm long and 4-cm diameter columns packed with 
five different soil materials. BTCs were performed on each column using a sequential 
application of four fluorobenzoate tracers. Each tracer was applied for a different length of 
time. The soil columns were sectioned at the end of the BTC experiments. The simple 
method gave results of Gj^, and a based upon the sectioned soil samples, and the BTC 
analysis gave results of 0j„, and a based upon effluent concentrations. The estimates by the 
two different methods were fi:om the same experiments. Most of the estimated a values 
' Article has been accepted for publication in the Soil Science Society of America Journal, 
Division SI. Journal paper No. 18051 of Iowa Agriculture and Home Economics Experiment 
Station- Ames. Iowa. Project No. 3262 and 3287, supported by CSREES, USDA and 
by Hatch Act and State of Iowa. 
- Dept. of Agronomy, Iowa State University, Ames, lA 
^ USDA-ARS. National Soil Tilth Lab.. Ames. lA 
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using the simple method were within the 95% confidence interval (CI) of the BTC estimates. 
For seven of 10 soil columns, the estimates of immobile water fraction. 0in,/0, from the 
simple method were within the 95% CI of the estimates of 0jn,/0 obtained fi^om breakthrough 
curve data. Breakthrough curves calculated using the 0|n, and a values estimated by the 
simple method were similar to observed breakthrough curves. The simple method provides 
estimation of 0in, and a from easy to obtain soil samples in field and can be used as a first 
approximation to apply the analytical BTC method. 
Many studies (van Genuchten and Wierenga, 1977; Rao et al.. 1980b; Nkedi-Kizza et al.. 
1983.1984) have shown that breakthrough curves show early arrival and tailing with 
nonsymmetrical concentration distributions under certain conditions. To account for such 
results, a physical nonequilibrium model or two-region model, which is based on a dual-
porosity concept, has been used as a means of investigating the transport and fate of solute in 
soil (Coats and Smith, 1964; van Genuchten and Wierenga. 1976). In this concept, water-
filled pore space is divided into two regions based on flow velocities within the pores. One is 
a mobile region, where water is free to move and solute transport is by advection and 
dispersion, and the other is an immobile region, where water is stagnant and solute moves 
only by diffusion. 
Based on the two-region approach, the transport of non-reactive solutes during steady, 
one-dimensional flow can be written: 
INTRODUCTION 
m I. [ I ]  
[2] 
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Q j ^ ^ a { C - C , \  [ 3 ]  
ifti ^ m im / 
where 0 is total volumetric water content, 0^ and 0jn, are mobile and immobile water 
contents, C^, and Ci^, are concentrations in mobile and immobile domains, t is time. is 
dispersion coefficient, q is water flux, x is depth, and a is chemical mass transfer coefficient 
between mobile and immobile domains. 
This two-region model or mobile-immobile model (MIM) allows for preferential 
movement of non-sorbing solute in soil, since the effective transport volume {Q^) is less than 
the total water-filled pore space (0). However, a major difficulty in applying the two-domain 
transport model is estimating the required model parameters; immobile water content (0im), 
mass transfer coefficient (a), and dispersion coefficient (D„). Although one can determine 
the parameters by applying inverse methods to breakthrough data (Parker and van Genuchten, 
1984b; van Genuchten and Wagenet. 1989; Gamerdinger et al., 1990), obtaining 
breakthrough data in the field is often not practical. 
Jaynes et al. (1995) presented a method to estimate both 0in, and a using a sequence of 
conservative, non-interacting tracers. The Jaynes et al. (1995) method uses a sequence of 
four different fluorobenzoate tracers applied through a tension infiltrometer for a step input. 
The method assumes that the initial tracer concentration in the soil is zero, tracer 
concentration in the mobile domain is constant and equal to the input concentration (C^), and 
samples of soil solution for analysis are well behind the dispersive fi-ont of the tracers so that 
dispersion in the mobile domain is negligible at the time of sampling. To estimate 0,^ and a, 
an expression, Eq. [4], was developed by separation of variables in Eq. [3] (Jaynes et al., 
1995). 
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C a 
l n ( l - — ) =  I n ( - f ) - — r *  [ 4 ]  
where C is resident concentration, t* = t - x/v and is defined as the time required for the tracer 
front to reach the depth of sampling (x), t is time since the tracer was applied, and v is 
average pore water velocity. 
Eq. [4] describes a log-linear relationship between measured resident concentration and 
tracer application time. and a can be calculated from Eq. [4] by fitting the ln(l-C/Co) 
versus t*. The intercept and slope of the regression line give estimates of both 6|n, and a. 
Tlie Jaynes et al. (1995) method provides a means for determining estimates of 0jn, and a in 
situ by using resident tracer concentrations. Although it is not as simple as the single tracer 
method of Clothier et al. (1992). it needs only a single soil sample, and total experimental 
time is relatively short, giving estimates of the additional parameter, a. The method is 
practical for field use in contrast with conventional curve-fitting methods that require 
extensive sampling and analysis. In its simplest form, only two tracers need be applied for 
different lengths of time and measured concentration, although the use of multiple tracers 
allows for the confirmation of log-linear behavior predicted by Eq. [4]. 
Casey et al. (1997) used the Jaynes et al. (1995) method for field measurement of 0jn, and 
a, and compared the field measured 0,^, and a values with previous studies. Jaynes et al. 
(1995) and Casey et al. (1997) found good linearity when log-normalized resident 
concentration was plotted versus time in applying Eq. [4]. This observed linear behavior is 
important, since it is required if Eq. [3] accurately explains the physical transport processes in 
the soil. The Jaynes et al. (1995) method for determining a and 0„„ has not been fully tested 
against other inverse methods. Therefore, the main objective of this study is to compare the 
Jaynes et al. (1995) method with a conventional breakthrough curve (BTC) analysis method. 
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In this study, we tested the Jaynes et al. (1995) method using laboratory soil columns by 
comparing estimates based on Eq. [4] with estimates obtained by conventional inverse fitting 
of effluent breakthrough data. 
MATERIALS AND METHODS 
Laboratory experiments were performed on 12 cm-long and 4-cm inside diameter soil 
columns. In each experiment, pre-sectioned Plexiglas columns were used to allow rapid 
sectioning of the columns after final tracer application. The outside of each column was 
paraffm-coated before the leaching experiment to avoid leaking. Each Plexiglas section was 
1 cm high, and the Plexiglas was assembled to a height of 15 cm. The lower end of each 
column consisted of a detachable bottom plate enclosing a porous plate, and tlie upper end 
remained open. The soils used were beach sand from Florida, Tama Ap and C horizon soil (a 
fme-silty. mixed, mesic Typic Argiudolls), and Clarion Ap and C horizon soil (a fine-loamy, 
mixed-calcareous, mesic Typic Hapludolls) from Iowa. The soils were air dried. The sand 
was sieved through 0.5 - 1 mm (US No.35 -18) standard sieve, and the other soils were 
sieved through 1 - 2 mm (US No. 18 -10) standard sieve. The organic carbon contents for 
Tama soils were 1.72 and 0.41 for Ap and C horizon, and 1.96 and 0.64 for Clarion soil. Ap 
and C horizon, respectively. Additional soil properties are shown in Table 1. The texture 
analysis for the soil was done using the hydrometer method described by Gee and Bauder 
(i 986). All columns were uniformly packed with one of these five different soil materials to 
a height of 12 cm. The columns were then mounted vertically and saturated with a 4 mmol 
L ' solution of KCl to establish a constant molar concentration. After saturation, steady-flow 
miscible displacement experiments were conducted using sequences of four tracer solutions. 
The columns were leached with the same solution (4 mmol L"' KCl) under slight positive 
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head (1.5 cm at the surface and open to atmosphere at bottom) until steady flow conditions 
were achieved. The volume of outflow was measured as a function of time during each 
experiment to confirm the steady flow conditions. The outflow rate remained constant for all 
but two columns where the rate decreased 3 % by the end of the experiments. The sequences 
of tracer solutions were then applied at the top of each column. The first solution was 
composed of 3 mmol L"' KCl and 1 mmol L"' of either 2,6 difluorobenzoate (DFBA), 
pentafluorobenzoate (PFBA). o-trifluoromethylbenzoate (TFMBA), or 2,3.6 
trifluorobenzoate (TFBA) tracer. After leaching the column with about I pore volume of the 
first solution, a second solution was applied containing 2 mmol L"' KCl, 1 mmol L"' of the 
first benzoate tracer, and 1 mmol L*' of a second benzoate tracer. The total electrolyte 
concentration of each tracer mixture was kept constant (4 mmol L"' ) by changing the amount 
of KCl in each solution. The process was repeated until the fourth solution was applied 
containing no KCl and the four benzoate tracers at a concentration of 1 mmol L*' each. The 
order in which the tracers were applied was varied so that any bias caused by nonidentical 
tracer transport, recovery, and analysis would be lessened. Three tracer application orders 
were made and randomized for the columns. Each 0.05 pore volume of outflow containing 
the tracers was collected from each column with a firaction collector, and effluent samples 
were stored at 4 'C before analysis. 
After infiltrating about I pore volume of the fourth solution, the application and outflow 
were stopped and the columns were quickly and carefully sectioned by each cm. The column 
sections were then weighed and extracted by adding 30 ml of a 0.002 M CaS04 solution. 
Each sample was shaken for 10 min and allowed to settle for 8 hours. The extractions were 
then centrifiiged at about 90,000 m/s- for 20 min and decanted for analysis. The remaining 
soil was oven dried at 105 °C, and the dry weight of each sample was measured to calculate 
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the water content and bulk density. Analysis for the fluorobenzoate tracers was done on a 
Dionex Series 4500i ion chromatograph (West Mont. IL) and UV detector by the method 
described by Bowman and Gibbens (1992) using a SAX column (Regis Chemical Co., 
Morton Grove, IL) with 30 mM K.H2P04, adjusted to a pH of 2.65 with H3PO4 and 20 mL L"' 
acetonitrile as tlie eluting solution. The flow rate was 1 mL min"'. and the detection 
wavelength of the UV detector was set to 205 nm. 
Parameter Estimation: BTC Method 
The BTCs obtained from all four tracers were used to estimate transport parameters. 
Each BTC was normalized by the input concentration and adjusted so that t=0 when the 
individual tracer was first applied to the column. The four BTCs were then combined to 
produce a single group BTC for analysis, and the values for the parameters D^, a, and Gj^, 
were estimated by BTC methods using the program CXTFIT (Parker and van Genuchten, 
1984b: Toride et al. 1995). The CXTFIT program was also used to determine Dm, a. and 9in, 
parameters from the resident concentrations of the last applied tracer. 
Parameter Estimation: Jaynes et al. (1995) Method 
Eq. [4] was applied to the resident concentration data from each column to estimate 0jn, 
and a. Only the values of concentrations from the upper layers (2-5) were used because 
insufficient leaching of the last applied tracer would cause interference from dispersion 
processes. 
Fitting Eq. [4] to resident concentrations of the four layers provides four sets of a and 
Bin, values from the slopes and intercepts. The intercept of the least-square regression gives 
In (6im/0)r and a can be obtained from the slope and The four sets of estimates do not 
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mean that the parameter values are different with soil depth. These are essentially repeated 
measurements of the same parameter values, and all that is really required in this method are 
data from any single layer. Because the soil depth varied for the layers, the time of tracer 
application was adjusted so that the effective application time would start when the tracer 
reached the center of each section layer. 
RESULTS AND DISCUSSION 
General results 
Figure la shows the BTCs of four tracers in outflow from column Dl. Since we applied 
four tracers sequentially at about 1 pore volume intervals, the result shows four distinct 
BTCs. The BTCs for all soil columns except sandy soil columns were similar. Sandy soil 
columns had steeper BTCs than the other soil columns, indicating less dispersion. 
In Figure lb. the x-axis (pore volume) of the graph for each tracer was adjusted, so that 
t=0 when the individual tracer was first applied to the soil column. The results show nearly 
identical flow characteristics of four fluorobenzoate tracers. Similar findings have been 
presented by Jaynes (1994) and Benson and Bowman (1994). Results from the other 
columns were similar. In general, the BTCs for all soil columns except for the sandy soil 
columns (A1 and A2) showed some early arrival of tracers and tailing, which is 
representative of preferential flow or physical non-equilibrium processes. 
Figure 2 shows the resident concentrations of four tracers from column Dl. The 
concentration profiles for the other soil columns were similar. The concentration of the last 
applied tracer decreases as depth increases, showing a zone where dispersion processes are 
important. Relative concentrations were all less than 1. ranging from 0.77 to 0.97, suggesting 
the presence of an immobile water domain in each column. At most depths, relative 
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concentrations for tracers applied the longest were slightly greater than for other tracers. This 
result supports the assumption of mobile tracer diffusing over time into the immobile water-
filled pore space. 
Figure 3 shows resident concentrations in the upper four layers of column D1 plotted as 
ln(l-C/C„) versus time (t*) with regression lines fitted to the data. For the 10 columns, the 
overall average coefficient of determination (r^) for the regression lines was 0.90, ranging 
from 0.61 to 0.99. This overall value of r^ implies that Eq.[4] Is a reasonable representation 
of physical non-equilibrium solute transport processes in the soil. 
Comparison of the Jaynes et al. (1995) and the BTC estimated parameters 
Table 2 is a summary of the estimated parameter values by the inverse method applied to 
BTC data and the Jaynes et al. (1995) method applied to resident concentrations for the 10 
soil columns. The 95% CIs for the BTC method are also reported with the estimates. The 
e s t i m a t e d  i m m o b i l e  w a t e r  f r a c t i o n .  0 , n , / 0 .  r a n g e d  f r o m  0 . 0 4  ( c o l u m n  A 2 )  t o  0 . 3 1  ( c o l u m n  C I )  
for the BTC method, and from 0.07 (column Al) to 0.33 (colunm CI) for the Jaynes et al. 
(1995) method. Tlie estimates of mass transfer coefficient, a. varied from 7.38 x 10"-' hr"' 
(column El) to 0.27 hr"' (column Bl) for BTC method and varied from 1.24 x 10"^ hr"' 
(column Al) to 0.30 hr"' (column D2) for the Jaynes et al. (1995) method. The estimated 
dispersion coefficient, D^,. from the BTC method is also provided for reference. In most 
columns, the 95% CIs for a and 0jn, were notably smaller than that of D^. 
The values of a were proportional to the values of Bi^. Skopp et al. (1981) and Casey et 
al. (1997) reported similar findings. The consistency of the relationship may be derived by 
the mecham'cal diffrision model where the surface area increases as Ojn, increases. Under this 
assumption, the contact area between the mobile and immobile domains expands, as 
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immobile area increases then a will also increase, since the larger contact areas will 
allow for faster tracer exchange between the domains. 
In Figure 4, parameter estimates along with 95% CIs as calculated by CXTFIT are 
shown for the BTC method, and the parameter estimates from the top four soil layers are 
plotted for the Jaynes et al. (1995) method. The estimates from the Jaynes et al. (1995) 
method were within the 95% CI except for colurtms El and D2 where the Jaynes et al. (1995) 
method had values of 0jn,/0 and a either larger or smaller than for the BTC method. In all 
cases, the parameter estimates from the four soil layers were similar to each other implying 
the consistency of the Jaynes et al. (1995) method. The BTC method generally produced 
large 95% CIs. The optimization seems not to converge to the correct solution for a couple 
of breakthrough data sets due to problems involving parameter uniqueness. This is especially 
true when three parameters (D^, tx and 0,n,) are estimated at the same time (Parker and van 
Genuchten: 1984b). 
For both the Jaynes et al. (1995) method and the BTC method, the 0|n,/0 values for silty 
clay loam (column Bl. B2. CI, and C2) were always higher than any other soil coltmins. 
Soils with higher clay content usually have more complicated pore structure than sandy soil. 
This may cause larger immobile domain and more chemical exchange between two domains. 
It is believed that the immobile domain is also located inside aggregate pores (intra-
aggregate). This implies that aggregate size is also an important factor that would affect 
immobile water content. Nkedi-Kizza et al. (1983, 1984) reported increasing immobile water 
content with an increase in aggregate size. 
Disagreement between solute transport properties for the paired replicates could be due 
to dissimilar pore water velocities, water contents, and bulk densities between the replicates. 
Although we tried to produce exact replicates, there were differences In physical properties 
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between the replicates, most significantly pore water velocities differed. It is well known that 
the three parameters (Dn,, a and 0|n,) are functions of pore water velocity (Casey et al. 1997). 
Finally. Jaynes and Shao (1998) evaluated the impacts of assuming negligible D^,, which 
is used for the Jaynes et al. (1995) method. They found that the estimates for co = aL/q 
(where L is depth of measurement, and q is Darcy flux density) and 6|n, improve when o) is 
smaller than 0.1. and P (peclet number) is larger than 100. In this study, co was smaller than 
0.03 with an average of 0.002. and P was larger than 100 for almost all soil columns. Thus, it 
is believed that the Jaynes et al. (1995) approach is valid for this study and should make 
accurate parameter estimates. 
MIM model consistency estimatedfrom BTCs and resident concentrations 
Some of the lack of fit found above may be due to the inadequacy of the MIM model's 
description of solute transport. The MIM model is very simplistic in partitioning the flow 
system into only two domains - a mobile and completely immobile domain. We can test the 
validity of this conceptual model by evaluating the model's success in predicting resident 
tracer concentrations from parameters fitted to BTC data and in predicting ETC data from 
parameters fitted to resident concentrations. The data collected here are uniquely suited for 
tliis purpose because we measured both resident and breakthrough concentrations during the 
same tracer experiments. 
The results of predicting BTCs from resident concentration data are shown in Figure 5 
along with measured BTCs. The calculated BTCs use the analytical solution of MIM model. 
The BTC marked "Resident" uses a, 0i„„ and values obtained from an inverse method 
using CXTFIT to fit the resident concentration profile of the last applied tracer. The BTC 
marked "Jaynes" uses a and 0jn, estimates obtained from the Jaynes et al. (1995) method and 
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the same obtained from inverse method using CXTFIT, since the Jaynes et al. (1995) 
method does not estimate Note that both calculated BTCs used estimated parameters 
only from resident concentration data. In general, both calculated BTCs reasonably describe 
the shape of the curves for almost all columns, although some of the calculated curves show 
early or lagged BTCs compared with measured BTCs. 
Column B2 is the best result of 10 columns (Fig. 5a). For column B2, "Jaynes" and 
"Resident" calculated BTCs agree very well with measured BTCs. Column D2 is the worst 
result of 10 columns (Fig. 5b). The two calculated curves do not match the measured BTCs 
well. Remember that the parameters from the BTC method were considerably smaller than 
those of the Jaynes et al. (1995) method for this column. However, the "Resident" method 
gives a and Gi^, very close to the Jaynes et al. (1995) estimates. The "Resident" calculated 
BTC were very similar to the "Jaynes" calculated BTC. although the calculated BTCs do not 
match well with the measured BTCs. Tliis was true for all soil columns. The "Jaynes" and 
"Resident" calculated BTCs were always very similar. This result implies tliat the 
discrepancies of estimated parameters from the BTC method and Jaynes et al. (1995) method 
for some columns might be somewhat normal because the estimated parameters presented in 
Table 2 are obtained from two different concentration modes (effluent and resident). 
As mentioned before, simultaneous estimation of three parameters may increase 
deviations from the correct solution. D^, is an important factor influencing the shape of 
BTCs, and small changes in the value may affect the shape of BTCs. Since both 
calculated BTCs use values from a method that estimates three parameters at the same 
time, it could be another reason that both calculated curves do not match with measured 
BTCs for some columns. However, again, both calculated BTCs were well in agreement 
with measured BTCs for most of the soil columns. 
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Figxire 6 shows measured and calculated resident concentrations. The circles are the 
measiu^ed resident concentrations (last applied tracer), and the curves represent calculated 
resident concentrations obtained from the analytical solution of the CDE and MIM models. 
"CDE" represents a one-domain convection-dispersion model. To generate "CDE" marked 
resident concentration curves, we used parameter values obtained from measured outtlow 
data. As expected, the CDE model provided poor estimation of the resident concentration 
profiles. 
The calculated curves marked "Effluent" are obtained from parameters (a, and D^) 
estimated with the BTC method from measured outflow concentrations, shown in Table 2. 
The calculated curves marked "JAYNES" use a and ©m, obtained from the Jaynes et al. 
(1995) method and the same D^ as used for "Effluent" curves. In general, the calculated 
resident concentrations using the MIM model and the estimated parameters match well with 
observed data, except columns C1, El and D2. In column CI and El. both calculated curves 
made poor predictions showing overestimates of D^ and 0i„. In column D2. the "Effluent" 
curves does not match well with measured data, while the "JAYNES" calculated curve 
agrees with measured data. 
Two quantitative measures, mean error (ME) and root mean square error (RMSE) 
(Willmott et al.. 1985), are used to evaluate the accuracy of die predictions. Table 3 shows 
the ME and RMSE for the calculated resident concentrations. The average ME for CDE, 
BTC and JAYNES calculated values were 0.026 (from -0.129 to 0.128). -0.025 (from -0.157 
to O.I 17) and -0.039 (from -0.156 to 0.018), respectively. CDE calculated values tended to 
overestimate and BTC and JAYNES calculated values tended to underestimate resident 
concentrations- The average RMSE for CDE. BTC and JAYNES calculated values were 
0.114, 0.078 and 0.057, respectively. This implies that the JAYNES parameter estimates 
made better predictions of resident concentrations tlian CDE and BTC estimates. It is 
somewhat reasonable because tlie Jaynes et al. (1995) method uses resident concentrations to 
estimate parameters and the CDE and BTC methods use effluent data. 
The use of the MIM model improved descriptions of all measured resident concentration 
profdes over the classical one-region CDE model. The CDE model did not match well with 
measured data for any soil column. This implies that physical nonequilibrium for solute 
transport must be modeled, especially when soil aggregates are present. However, the MIM 
solution does not give accurate estimates of resident concentrations using effluent data nor 
vice versa for some of the soil columns, implying that the MIM model is not an accurate 
representation of the transport processes in these soil columns. 
CONCLUSIONS 
The method described by Jaynes et al. (1995) for estimating both 0,n,/0 and a without 
measuring extensive breakthrough curves was evaluated by using carefully controlled 
laboratory experiments. Most of the estimated a values using the Jaynes et al. (1995) method 
were within tlie 95% CI of the BTC estimates. In seven of 10 columns, estimated 6|n,/0 
values were within the 95% CI of the BTC estimates. Overall, the Jaynes et al. (1995) 
method gave reasonable agreement with a conventional curve fitting method for several 
different soils, and there were no significant trends among the different flow velocities v«th 
0jn,/0 and a. This method requires only a surface soil sample with minimum disturbance of 
soil, while the BTC method needs many samples and analysis. The Jaynes et al. (1995) 
method is a relatively simple method that determines both 0in, and a and can be used to test 
the mobile-immobile assumptions for field soil where it is not easy to collect BTC data. The 
Jaynes et al. (1995) method, therefore, can be used as a first approximation to apply the 
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analytical BTC method. We believe that this method is a promising in situ method to 
delineate solute transport if it is used under conditions where the Jaynes et al. (1995) method 
provides valid 0,n, and a estimates. 
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Table I. Physical properties of the soil columns and tracer experiments. 
Soil Texture Bulk Water 
Column Soil Material (mass fractions) Density Content Velocity 
Sand Silt Clay g cm'^ cm^ cm"^ cm h"' 
A1 Sand' 100 1.54 0.39 32.6 
A2 Sand' 100 1.47 0.40 19.9 
BI Ap horizon. sicF 2.3 67.1 30.6 0.94 0.54 41.4 
B2 Ap horizon, sicl" 2.3 67.1 30.6 0.88 0.60 18.7 
CI C horizon, sicl- 3.4 64.5 32.2 0.94 0.52 17.7 
C2 C horizon. sicF 3.4 64.5 32.2 0.90 0.62 20.2 
Dl Ap horizon, P 48.0 30.6 21.4 0.96 0.56 45.9 
D2 Ap horizon. F 48.0 30.6 21.4 0.94 0.60 
El C horizon. F 49.5 34.5 16.0 0.96 0.49 35.3 
E2 C horizon, F 49.5 34.5 16.0 1.00 0.57 52.9 
'0.5-1 mm sieve fraction 
- Tama silty clay loam. 1 - 2 mm sieve fraction 
^ Clarion loam, 1 - 2 mm sieve fraction 
Table 2, Comparison of the estimated a and 6|,„ values from the two methods. 
Coiunin BTC Method Jaynes Method 
D(cnr h ') a(h"') 0,„ye a(h') 0,m/0 
Al 2.4 ± 154.5 0.03 ± 0.05 0.05 ± 0.05 0.002 0.07 
A2 9.3 ± 177.7 0.04 ± 0.09 0.04 ± 0.06 0.02 0.13 
B1 44.6 ±493.2 0.27 ± 0.29 0.25 ±0.18 0.03 0.22 
B2 18.6± 198.6 0.001* ±0.06 0.16 ±0.06 0.01 0.17 
CI 17.7 ± 543.5 0.10±0.11 0.31 ±0.19 0.03 0.33 
C2 42.1 ± 122.1 0.001 ±0.04 0.18 ±0.04 0.01 0.15 
1)1 72.7 ±431.7 0.18 ±0.30 0.16±0.16 0.04 0.12 
D2 29.6 ± 119.9 0.02 ± 0.07 0.04 ± 0.04 0.30 0.28 
El 60.1 ±134.1 0.001 ±0.05 0.20 ±0.04 0.01 0.09 
E2 65.9 ± 178.8 0.001* ±0.14 0.10 ±0.05 0.02 0.12 
* Convergence failed. 
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Table 3. Mean error (ME) and root mean square error (RMSE) for the calculated resident 
concentration. 
CDE BTC JAYNES 
Column 
ME RMSE ME RMSE ME RMSE 
A1 0.0051 0.2716 -0.0051 0.0947 -0.0250 0.0588 
A2 0.0545 0.0592 0.0301 0.0365 -0.0025 0.0214 
B1 0.0887 0.1121 -0.0267 0.0507 -0.0290 0.0398 
B2 0.0628 0.0953 0.0216 0.0326 0.0177 0.0287 
CI -0.1287 0.1511 -0.1282 0.1436 -0.1557 0.1605 
C2 0.0358 0.0583 -0.0541 0.0586 -0.0391 0.0451 
D1 0.0125 0.0475 -0.0352 0.0490 -0.0203 0.0358 
D2 0.1281 0.1434 0.1168 0.1258 -0.0201 0.0302 
El -0.0613 0.1174 -0.1566 0.1601 -0.0850 0.1114 
E2 0.0649 0.0804 -0.0162 0.0260 -0.0280 0.0338 
Avg. 0.0262 0.1136 -0.0254 0.0778 -0.0387 0.0566 
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Figure 1. (a) Breakthrough curves (BTC) of the four different tracers 
for the column D1. 
(b) The BTCs adjusted so that t=0 when each tracer was first 
applied to the column Dl. 
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Figure 3. The resident concentrations in the upper four layers for the 
column D1 plotted as ln(l-C/Co) versus application time and 
regression lines fitted to the data using Eq. [4]. 
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CHAPTER 3. A TIME DOMAIN REFLECTOMETRY METHOD TO MEASURE 
IMMOBILE WATER CONTENT AND MASS EXCHANGE COEFFICIENT' 
A paper submitted to Soil Science Society of America Journal 
Jaehoon Lee*, Robert Morton", and Dan B. Jaynes^ 
ABSTRACT 
Preferential flow of water and solute occurs in soil. One of the most common 
mechanistic models used to describe preferential flow is the mobile-immobile model (MIM). 
Two significant parameters in the MIM are immobile water content (0jj and mass exchange 
coefficient (a). Previously, a method for determining 0^^, and a using sequential tracers (ST) 
has been used to characterize solute transport. In this work, we present and evaluate a method 
to estimate 0j„ and a using time domain reflectometry (TDR). The TDR method was tested in 
laboratory experiments using three 20-cm long by 12-cm diameter undisturbed saturated soil 
columns. The method used TDR with an application of CaCU to obtain resident 
concentrations as a fiinction of time. The data obtained from TDR were analyzed using a log 
linear equation developed based on the ST method to estimate 0,„ and a. The 0,^ and a 
estimates from the TDR method were compared to the estimates from the ST method and 
from effluent data. A conventional inverse curve fitting method (CXTFIT) was used to 
estimate parameters from effluent data. The means of 0,n,/0 from the TDR method, ST 
method, and effluent data were 0.31, 0.30. and 0.26, respectively. The means of a from the 
TDR method, ST method, and effluent data were 0.03. 0.03, and 0.04. respectively. The 
I Journal paper No. 18616 of the Iowa Agriculture and Home Economics Experiment 
Station. Ames. Iowa. Project No. 3262 and 3287. supported by Hatch Act and State of Iowa. 
- Dept. of Agronomy, Iowa State Univ. Ames. lA 
^ USDA-ARS, National Soil Tilth Lab., Ames. lA 
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values of 0|n,/0 and a from the TDR method were very similar to the estimates from the ST 
method. In all three columns, die 6|^ estimates from the TDR method were witliin the 95% 
confidence intervals (CI) of the estimates from the effluent data. In two of three columns, the 
a estimates from the TDR method were within the 95% CI of the estimates from the effluent 
data. The TDR method is relatively simple, rapid, and had advantages over the ST method 
and conventional methods for measuring solute transport properties. 
[NTRODUCTION 
Numerous studies (Ehlers, 1975; Quisenberry and Phillips. 1976; Kanwar et al.. 1985; 
Rice et al., 1986) have clearly shown that water and chemicals can move through soil along 
preferred pathways such as macropores. cracks, root charmels, and worm holes. Funnel flow 
and instability of wetting front are also examples of non-ideal water and chemical flow 
patterns. These phenomena are variously called macropore flow, short-circuiting, bypassing, 
partial displacement, physical non-equilibrium Uransport, or preferential flow (Brusseau and 
Rao, 1990). This preferential flow can result in rapid movement of chemicals in soil. 
One of the first considerations in dealing with preferential flow is partitioning the flow 
area into active and nonactive regions (Coats and Smith, 1964; van Genuchten and Wierenga. 
1976). This approach has been successful to describe preferential solute transport in both 
laboratory and field studies (van Genuchten and Wierenga, 1977; Rao et al., 1980; Nkedi-
Kizza et al., 1983). In this concept, water content (0) is divided into two regions; a mobile 
region (0^,) where water and solute move by advection and an immobile region (0im=0 - ^ m) 
where chemical movement is by diffusion alone. Exchange of solute between domains is 
assumed to be first order, the rate being expressed by a solute exchange coefficient. Based on 
the two-domain approach, the transport of non-reactive solute during steady, one-dimensional 
flow can be written as follows; 
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[1] 
0 i . - ^ = a ( C , - C J  [2] 
where and are concentrations in 0^ and 0,^, respectively, t is time, D„, is dispersion 
coefficient, is water flux, x is depth, and a is chemical mass transfer coefficient between 
The mobile-immobile model is used because it is simple to apply and it can describe 
preferential flow. However, determining the required model parameters. 0j^ and a. in die 
field is not as easy as in the laboratory. Although one can determine the parameters by 
applying inverse methods to effluent breakthrough data (Parker and van Genuchten, 1984; 
van Genuchten and Wagenet, 1989; Gamerdinger et al., 1990), obtaining effluent 
breakthrough data in the field is not always practical. 
Jaynes et al. (1995) presented a method to estimate both and a using a sequence of 
conservative, non-interacting tracers. This sequential tracer (ST) method uses a sequence of 
two or more different fluorobenzoate tracers applied through a ponded or a tension 
infiltrometer for a step input. The ST method assumes that the initial tracer concentration in 
the soil is zero, the tracers move identically through the soil, tracer concentration in the 
mobile domain is constant and equal to the input concentration (C^), and samples of soil 
solution are well behind the tracer solute front so that dispersion in 0„ is negligible at the 
time of sampling. To estimate and a. the followong expression was developed by 
separation of variables in Eq. [2] (Jaynes et al.. 1995): 
0m and 0|^ 
[3] 
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where C is resident concentration, t* = t - x/v and is defined as the time required for the tracer 
front to reach the depth of sampling (x), t is time since the tracer was applied, and v is 
average pore water velocity. 
Equation [3] describes a log-linear relationship between measured resident concentration 
and tracer application time. Immobile water content and a can be calculated from Eq. [3] by 
fitting the ln(l-C/Co) versus t*. The intercept and slope of the regression line give estimates 
of both 0,n, and a. The ST method provides a means for determining estimates of 0in, and a in 
situ by using resident tracer concentrations. The ST method has been tested both in the 
laboratory (Lee et al.. 1999) and the field (Casey et al.. 1997). and the results show that the 
ST method provides reasonable estimation of 0,n, and a from easy-to-obtain soil samples. The 
ST technique, however, has shortcomings. Since each tracer results in only one data point, 
applying a series of tracers can be expensive and time consuming. The flow characteristics of 
the tracers may not be exactly identical, which can result in inaccurate parameter estimates. 
Lifting of the infiltrometers also disrupts solute flow when changing tracer solutions. 
Therefore, there is a need to develop another method for determining the solute transport 
parameters of field soil. 
The ability to take measurements continuously and automatically, in a low-disturbance 
way. makes TDR a potentially valuable tool for observing solute transport. Since Dalton et al. 
(1984) first proposed simultaneous TDR measurement of 0 and bulk soil electrical 
conductivity (aj, which is directly related to soil solution concentration, a number of studies 
(Wardetal.. 1994, 1995; Mallants etal., 1994. 1996; Persson 1997; Vanclooster et aL. 1993; 
Risler et al.. 1996; Heimovaara et al.. 1995) have been done to evaluate the performance of 
TDR in measuring a^. These studies focused on constructing BTCs based on TDR measured 
0 and a^. To date, no one has reported the use of a shallow TDR probe for determining 0j„ 
and a. If a surface TDR can be used to determine 0j^ and a. it would overcome the 
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shortcomings of the sequential tracer method. 
The objective of this study is to develop and evaluate a method to estimate and a 
using TDR. The method is based on the ST method and is tested in carefully controlled 
laboratory experiments using saturated, undisturbed, soil columns. The parameter estimates 
of 0,n, and a obtained from the TDR method are compared to parameters estimated by the ST 
method and by the effluent BTCs. 
Theory 
The is inversely related to impedance load (Z) of the TDR probe and the relationship 
can be expressed: 
CJ, = kZ-' [4] 
where k is a calibration constant. Measurements of Z obtained by TDR are a function of 0 
and electrical conductivity of the soil solution, a^. A number of studies (Rhoades et al., 1976; 
Shainberg et al.. 1979; Nadler and Frenkel. 1980; Nadler et al.. 1991; Vogeler et al.. 1996; 
Risler et al., 1996) developed a series of quantitative relationships between a^. and 0. 
These studies have shown that there is a linear relationship between and (=C) over a 
wide range of soil solution concentrations and practical 0 range of concem. Rhoades et al. 
(1976) reported the following relationship between and at constant 0 
(7 = 7 (T + CI [5] 
a / o  w  s  
where Yo is constant, and a, is bulk soil conductivity associated with the exchangeable ions at 
the solid-liquid interface. Eq. [4] and [5] can be rewritten as follows, based on the linear 
relationships between Z, and a^: 
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C = a.Z"' + a, [6] 
where a, and a-, are constants. 
Finally, relative solute concentration R(t) can be represented by 
R( t ) =  J '  m  
o  i  o  t  
where C, is background solute concentration, Z, is TDR-measured impedance load for C„ 
and Z„ is impedance load for C^. Under steady-state conditions, we can directly use Z values 
to determine 0j^ and a. Because of the linear relationship between Z and C. the empirical 
constants such as k, a^, and in Eq. [4], [5]. and [6] need not be determined to calculate 
R(t). In other words, all of the constants in the linear relationship between Z . o^, and 
cancel out and. therefore. Eq. [3] can be rewritten: 
In 
V R., ) \ e J 
0;„, ^  a 
where R is normalized impedance load and reflects the resident concentration at time t*. and 
RQ is normalized impedance load when the resident concentration equals the input tracer 
concentration. 
Rhoades et al. (1989) and Ward et al. (1994) used a calibration method to determine the 
RO value by applying sufQcient amount and time of input tracer. They used this continuous 
solute application method to obtain R„ values in their studies and showed good agreements 
between R„ and solution concentration. They assumed that solute is uniformly distributed 
throughout the soil solution. However, such uniformity may not be always true for 
heterogeneous soils, especially when there is "real" dead pore space (such as immobile 
domain that is not connected with any mobile domain). In this case, the immobile domain 
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will not be filled with input tracer, and the determination of based on the continuous 
solute application method may not be accurate. Instead, can be easily determined using a 
resident concentration fi-om a soil extract taken after applying input tracer. Soil extract 
sampled from the surface soil layer where the TDR probe is located can be used for 
determining resident concentration at time t, and the TDR measurements with the resident 
concentration can be used to determine R„. The R„ value represents resistivity of the soil 
saturated with input solution. This TDR method with soil extract for determining R„ removes 
possible errors associated with the condition that when all pore space is not filled with input 
tracer. Using the R^ and R(t) with Eq. [8], one can estimate both 0j^ and a from simple TDR 
measurements. The TDR method is well suited to in situ measurements in heterogeneous 
systems as well as to undisturbed soil columns. 
MATERIALS AND METHODS 
Undisturbed Soil Sampling 
Undisturbed soil cores were collected during fall 1998 from the Agronomy and 
Agricultural Engineering Research Center located about 11 km west of Ames. Iowa. The 
sampling depth was 0-30 cm. The plot had been chisel-plowed and planted in com {Zea mays 
L.). The soil at the experimental site is classified as Nicollet silt loam (fine-loamy, mixed, 
superactive, mesic Aquic Hapludolls) in the Clarion-Nicollet-Webster soil association. 
Selected physical properties of the soil are listed in Table 1. The particle density was 
measured using the pycnometer method described by Blake and Hartge (1986). 
To obtain undisturbed soil columns fi"om the field. 50-cm wide trenches were dug. The 
depth of each trench was about 40 cm. For each soil core, a ftimace pipe (12-cm diameter and 
30-cm length) was placed on the surface after removing vegetation. Soil around the pipe was 
gently shaved to form a pedestal of about 12 cm in diameter. The pipe was then carefully 
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pushed downward to encase the column and to avoid smearing. The process continued until 
30-cm long soil columns were obtained. Each soil column was then wrapped in a plastic bag 
and stored at 4°C to minimize biological activity. 
In the laboratory, the flimace pipe was opened from the sides and removed from the 
undisturbed soil column. The soil cores were trimmed to the desired dimensions (12-cm 
diameter and 20-cm length). A polyvinyl chloride (PVC) plastic pipe (14-cm diameter) was 
put around each soil column so that the soil core was at the center of the PVC pipe. The space 
between the soil core and the PVC pipe was filled with molten paraffin wax. The paraffin 
wax was used to eliminate wall flow of the soil column. After the space was sealed with 
parafiin wax. a wire screen was attached to the bottom of the column to prevent soil loss and 
a funnel was positioned beneath the column. The funnel was used to direct effluent to a 
fraction collector. The upper surface of each soil column represented the actual field soil 
surface, with the exception that litter and loose soil had been carefully removed to provide a 
level surface. 
TDR Setup 
A two-rod. 2-mm diameter and 80-mm long, TDR probe was used along with a cable 
tester (model 1502B. Tektronix Corp.. Beaverton. OR) and TACQ program (Evett. 1998) to 
obtain Z as a function of time during miscible displacement experiments. The probe was 
installed diagonally from the surface to a depth of 2 cm (Fig. 1). Thus, we assume that the 
TDR probe measures die average of the top 2-cm layer of soil. 
Miscible Displacement Experiments 
Three soil columns were used for miscible displacement experiments. The soil columns 
were designated "Column A". "Column B". and "'Colimm C". Two continuous steady-flow 
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miscible displacement experiments, 1) a step application of CaCU (TDR method) and 2) a 
step input of ST application, were successively conducted on each soil column. Each 
undisturbed soil column equipped with TDR probe was positioned vertically and slowly 
saturated from the bottom with a background solution of 0.01 M CaCU. After saturation, a 
steady downward flow was established with a I -cm surface head. The volume rate of outflow 
was measured as a function of time during each experiment to confirm the steady flow 
conditions. 
Before starting the pulse input experiment. Z, of the soil solution was measured using 
TDR. This value represented a concentration of background solution and was used to 
calculate normalized R(t) values in Eq. [7]. Input solution of 0.5 M CaCU was applied using 
a mariotte bottle with 1-cm constant head. Approximately 4 pore volumes of input solution 
were applied. We assumed that the background (0.01 M) and input (0.5 M) concentrations of 
CaCU satisfied the linear relationships between the Z . o^, and reported in the previous 
studies (Rhoades et al.. 1976; Shainberg et al.. 1979; Nadler and Frenkel, 1980; Nadler et al.. 
1991; Vogeler et al., 1996). The duration of 4 pore volumes of input application were 
equivalent to 40 pore volumes of input application for the top 2-cm sampling layer where the 
TDR probe was diagonally installed. The Z(t) values were measured at a time interval 
equivalent to 0.025 pore volume for the whole experiment. During the experiment, 0 was 
estimated with the TDR using the Topp et al. (1980) equation. The estimated 0 was used in 
Eq. [8] to estimate 0jn, and a. 
After we measured Z(t) values, each soil column was leached with 3 mmol L"' CaCU 
until each soil column was saturated with 3 mmol of CaCU solution to establish a constant 
molar concentration for ST experiments. After saturation with 3 mmol of CaCU solution. ST 
miscible displacement experiments were conducted using sequences of three fluorobenzoate 
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tracer solutions. 
The sequences of the tracer solutions were applied at the top of each column. The first 
solution was composed of 2 mmol L"' CaCU and I mmol L"' of either 2,6-difIuorobenzoate, 
pentafluorobenzoate, or o-trifluoromethylbenzoate tracer. After leaching the column with 
about 1 pore volume of the first solution, a second solution was applied containing 1 mmol L" 
' CaCU. 1 mmol L"' of the first benzoate tracer, and 1 mmol L"' of a second benzoate tracer. 
The second solution was applied for about 2 pore volumes. Finally, the third solution was 
applied for about 1 pore volume. The third solution contained no CaCU, and the three 
benzoate tracers were each at a concentration of 1 mmol L"'. The total electrolyte 
concentration of each tracer mixture was kept constant (3 mmol L'') by changing the amount 
of CaCU in each solution. Two tracer application orders were made and the orders were 
randomized for the columns so that any bias caused by nonidentical tracer transport, 
recovery, and analysis would be lessened. Each 0.025 pore volume of outflow containing the 
tracers was collected from each column with a fraction collector, and the samples were stored 
at 4 C before analysis. 
After infiltrating the third solution, the application and outflow were stopped and the top 
2-cm surface soil was collected. This sampling depth was identical to the sampling depth of 
the diagonally installed TDR probe. The soil sample was then extracted by adding 30 ml of a 
0.002 M CaS04 solution. Each sample was shaken for 10 min and allowed to settle for 8 
hours. The extractions were then centrifuged at about 90.000 ms'- for 20 min and decanted 
for analysis. The remaining soil was oven-dried at 105 °C, and the dry weight of the sample 
was used to calculate 0. Analysis for the fluorobenzoate tracers was done on a Dionex Series 
4500i ion chromatograph (Sunnyville, CA) and UV detector by the method described by 
Bowman and Gibbens (1992) using a SAX column (Regis Chemical Co., Morton Grove. IL) 
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with 30 mM KH2PO4, adjusted to a pH of 2.65 with H3PO4 and 20 mL L"' acetonitrile as the 
eluting solution. The flow rate was 1 mL min"', and the detection wavelength of the UV 
detector was set to 205 nm. The resident concentration from the soil extracts along with TDR 
data was used to determine R„. 
Parameter Estimation: TDR method 
In order to obtain Z. a simplified waveform analysis approach was used. The impedance 
load. Z, (ohms) is: 
(1  +  p)  
(1-p)  Z=ZRc.-7r—7 [9] 
where Zr^,- is output impedance of the cable tester (50 ohms ), and p is the reflection 
coefficient of the TDR waveform. Detailed descriptions to determine Z can be found in 
Wraith et al. (1993). 
The TDR measured values of Z(t) were normalized to R(t) values based on Eq.[7]. In 
order to calculate R(t), was computed based on the resident concentration. C. from soil 
extracts. The last measured Z(t) after applying 4 pore volumes of tracer was normalized by 
the C from the soil extract so that the last measured Z(t) value reflects the C from the soil 
extract. For example, the relative C from the soil extract taken at time t* for Column C was 
0.86. That means the last value of R (at time t*) should also be 0.86. Based on the last R 
value and the last measured Z at time t*, ZQ can be easily determined using Eq. [7]. Since the 
duration of applications for both CaCU and ST was identical (4 pore volumes), and the 
sampling volume of TDR probe and the soil extract was identical, the last measured Z value 
reflects the resident concentration from the soil extract. 
The normalized R(t) values represent relative resident concentration of the top 2-cm soil 
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layer, where the TDR probe was installed. The R(t) values and 0 obtained from TDR were 
analyzed by Eq. [8] to estimate 01^, and a. 
Jaynes et al. (1995) assumed that soil solution that was well behind the front of the 
tracers was free of dispersive effects of the tracer in the mobile domain. To satisfy this 
assumption, we used data obtained after I pore volume (identical to 10 pore volumes for the 
2-cm sampling layer) of tracer application, because the tracer front was well beyond the 2-cm 
depth probes. The resident concentration BTCs over time was fitted to Eq. [8] plotting ln(l-
R/R„) versus t*. Fitting Eq. [8] to the resident concentrations obtained from TDR 
measurements provides a and 0,^, values from the slopes and intercepts. The intercept of the 
least-square regression gave ln(0|^/0), and a was obtained from the slope and 0,^, (shown in 
Fig. 2). 
Parameter Estimation: ST Method 
Equation [3] was applied to the resident concentration data from the 2-cm top soil 
extracts obtained with ST application to estimate 0,^ and a. The procedure for determining 
0:^ and a was ver\' similar to the procedure used in the TDR method. Detailed descriptions to 
calculate 0,^ and a using the resident concentrations can be found in Jaynes et al. (1995), 
Casey et al. (1997), and Lee et al. (1999). 
Parameter Estimation: Effluent Data 
Tlie effluent BTCs obtained from all three tracers were used to estimate 0j^, a. and D^ 
by the conventional inverse curve fitting method. Each BTC was normalized by the input 
concentration and adjusted so that t=0 when the individual tracer was first applied to the 
column. The three BTCs were then combined to produce a single group BTC for analysis, 
and the three MIM parameters. 0jn,, a. and D„, were estimated by the program CXTFIT 
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(Toride et al., 1995). Eventually, three sets of 0j„ and a were generated from each column: 
from the 1) TDR method. 2) ST method, and 3) Effluent method. 
RESULTS AND DISCUSSION 
Figure 2a shows the normalized R(t) values from the TDR method plotted as ln(l-R/R„) 
versus t* and regression lines fitted to the data using Eq. [8]. The TDR measurements were 
obtained from the top 2-cm soil layer. Tlie average coefficient of determination (r) value for 
the regression from the Eq. [8] was 0.92. indicating relevance of the expression. Eq. [3] and 
[8]. for physical nonequilibrium solute transport processes in soil. 
Figure 2b shows the resident concentrations plotted as ln( 1-C/CJ versus t* with 
regression lines from Eq. [3] fitted to the data from the ST method. The resident 
concentrations were obtained from the top 2-cm of surface soil. This sampling volume was 
identical to the sampling volume of the diagonally installed TDR probe. For all three 
columns, the overall average of r for the regression lines was 0.95. The procedure for 
constructing the graph in Fig. 2b was identical to the procedure used in Fig. 2a. The data in 
Fig. 2a were from the TDR measurements, and the data in Fig. 2b were from the ST 
experiments. The resident concentrations from each soil extract for Column A, B, and C were 
0.76. 0.80, and 0.86. respectively. The final computed R values were made to be equal to the 
measured resident concentrations by computing appropriate using Eq. [7]. The 0 values 
from TDR and soil extracts were almost identical having only 0.01 cm^cm'^ difference. The 0 
from TDR were used for Eq. [8] for the TDR method, and the 0 from soil extracts were used 
for Eq. [3] for the ST method. 
Data were obtained more easily using the TDR method than the ST method. While the 
ST method provided only three data points after applying three different tracers, the TDR 
method produced an extensive series of data points because of our chosen data acquisition 
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time interval. The extensive data points can reduce any potential error caused by tracer 
analysis. 
Figure 3a shows the BTCs of three tracers in outflow from Column C. Since we applied 
three tracers sequentially at an interval of about one pore volume, the results produced three 
separate BTCs. The BTCs for all three soil columns were similar. In Fig. 3b. the x-axis (pore 
volume) of the graph for each tracer was adjusted, so that t=0 when the individual tracer was 
first applied to the soil column. Overall, the BTCs for all three soil columns showed early 
arrival of tracers and tailing, which is representative of preferential flow or physical 
nonequilibrium (van Genuchten and Wierenga. 1977; Rao et al.. 1980; Nkedi-Kizza et al.. 
1983). The effluent BTC data were used to estimate MIM parameters (0;^, a. and D^) by the 
curve fitting method using the program CXTFIT. 
Table 2 is a summary of the estimated MIM parameters by the TDR method. ST method, 
and effluent method for the three soil columns. The 95% confidence intervals (CI) were also 
reported. The CI for the effluent method were provided by the CXTFIT program (Toride et 
al., 1995). The CI for the TDR method and the ST method were calculated based on a 
technique described by Goldman and Weinberg (1985). The technique used the log-linear 
relationship between the measured resident concentrations and time. The lower and upper 
limits of 95% CI for the TDR method and the ST method were not identical due to the log-
linear relationship. The 95% CI for the ST method were notably larger than the 95% CI for 
the TDR method. The number of observations influenced the size of CI. While the estimated 
immobile water fraction (0^/0) for the effluent method ranged from 0.22 to 0.30. the 0,n,/0 
for the TDR method ranged from 0.30 to 0.32. and from 0.28 to 0.32 for the ST method, 
indicating the consistency of the Eq. [3] and [8]. The means of 0(^0 from the TDR method, 
ST method, and effluent mediod were 0.31, 0.30. and 0.26, respectively. The estimated a 
values ranged from 0.01 to 0.04 for the TDR method, from 0.02 to 0.05 for the ST method. 
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and from 0.03 to 0.07 for the effluent method. The means of a from the TDR method. ST 
method, and effluent method were 0.03. 0.03. and 0.04. respectively. In most cases, the 0,^ 
and a estimates from tlie ST metliod were within the 95% CI of the estimates from the 
effluent data. Similar results were reported by Lee et al. (1999). The values of 0j^/0 and a 
from the TDR method were very similar to the estimates from the ST method. In all three 
columns, the estimates from the TDR method were within the 95% CI of the estimates 
from the effluent data. In two of three columns, the a estimates from the TDR method were 
within the 95% CI of the estimates from the effluent data. Overall, the estimates of 0jn,/0 and 
a from the TDR method were very similar to estimates from the ST method and effluent data. 
Note the simplicity of the TDR method compared to the ST method. The ST method was 
time consuming because a series of fluorobenzoate tracers were required to obtain a few data 
points, and there is a chance to disturb the soil surface when shifting to different 
infiltrometers. Tlie TDR method needed only a step application of CaCU and provided 
extensive data points. From a simple salt solution BTC experiment, one can determine 0;^, 
and a. 
CONCLUSIONS 
The estimates of 0in, and a from the TDR method agreed well with the estimates from 
the effluent data and the ST method. The TDR method provided reasonable 0,^ and a values 
so that one could utilize this method as a first approximation before applying other methods 
to characterize solute transport in soil. The TDR method was relatively simple, rapid, and 
reliable. The TDR mediod had advantages over the ST method and the conventional methods 
such as soil coring, solution sampling, and drainage systems for measuring soil solution 
concentration to determine solute transport properties. We conclude that the TDR method is a 
promising method to estimate 0jn, and a from a simple experiment. The TDR method only 
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needs a step application of salt and a surface soil extract under steady flow condition. One 
can then easily estimate and a using a shallow TDR probe in situ. 
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Table I. Physical conditions of the three soil columns used. 
Column 
A 
Particle 
Densit>' 
cm"^) 
2.56 
Bulk Density 
(g cm") 
1.42 
Saturated 
VV ULWl SwWiltWiK 
(cm cm'-*) 
0.45 
Velocity 
(cm h"') 
17.9 
K. sal 
(cm h"') 
7.8 
B 2.59 1.32 0.49 20.9 9.7 
2.58 1.40 0.46 26.2 11.5 
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Table 2. Comparison of parameter estimates from the TDR method, ST method, and effluent 
method. 
TDR method ST method Effluent 
Column A 
0,J0 
a(h-') 
(cm- h"') 
0.31 (0.30-0.31) 
0.01 (0.01-0.01) 
0.32 (0.20-0.53) 
0.02 (-0.04-0.73) 
0.26 ± 0.05 
0.07 ± 0.03 
108 ±0.01 
Column B 
0,J0 
a (h"') 
(cm- h"') 
0.32 (0.32-0.33) 
0.03 (0.03-0.03) 
0.29 (0.17-0.50) 
0.02 (-0.13-0.76) 
0.22 ±0.11 
0.03 ± 0.04 
160 ±0.01 
0,n,/0 
Column C a (h"') 
(cm-h"') 
0.30(0.30-0.31) 
0.04 (0.03-0.04) 
0.28 (0.17-0.46) 
0.05 (0.03-0.83) 
0.30 ± 0.03 
0.03 ± 0.02 
124 ±0.01 
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50 Q CoSwai Cable 
^ z=0 
— z=2cm 
TDR Probes 
Soil 
Column 
z=20cm 
Top view Side view 
Figure 1. Schematic diagram of TDR setup. A two-wire type 8-cm long probe was 
diagonally installed in the surface 2-cm layer of the each soil column. 
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Figure 2. (a) The R(t) values are plotted as In(l-R/Ro) versus t* and the 
regression lines are fitted to the data using Eq. [8]. 
(b) The resident concentrations are plotted as in( l-C/Co) versus t* 
and the regression lines are fitted to the data using Eq. [3]. The 
data are obtained firom surface 2-cm soil extracts sampled after 
applying a series of three different fluorobenzoate tracers. 
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Figure 3. (a) Effluent breakthrough curves (BTC) of the three 
different tracers for Column C. 
(b) The BTCs are adjusted so that t=0 when each tracer is 
first applied to Column C. 
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CHAPTER 4. SHALLOW TDR PROBE DESCRIBES SOLUTE TRANSPORT 
THROUGH SOIL CORES' 
A paper to be submitted to Soil Science Society of America Journal 
Jaehoon Lee, Robert Horton. and Dan B. Jaynes 
ABSTRACT 
Monitoring soil solution concentration is important to better understand solute transport 
processes in soil. However, measurements of soil solution concentration are not always 
practical. It is desirable to have a simple and reliable field method to characterize solute 
transport in soil. To date, no one has tested the ability of a shallow time domain reflectometry 
(TDR) probe for determining solute transport properties. Here, we present a method for 
determining solute transport properties using TDR. The TDR method was tested in laboratory 
experiments using undisturbed soil columns (fine-loamy, mixed, superactive. mesic Aquic 
Hapludolls). The TDR method uses a 10-cm-long TDR probe installed diagonally from the 
surface to a depth of 2 cm with a step application of CaCU and one soil sample. The mobile-
immobile model (MIM) parameters were estimated from the TDR measured data, and the 
estimated parameters were compared with the estimates from the effluent data. The estimates 
from the TDR method were similar to the estimates from the observed effluent data. Most of 
the estimates from the TDR method were within the 95% confidence intervals of the 
estimates from the effluent data. A simulation study was conducted to test whether the MIM 
estimates from the surface 2-cm soil layer using TDR could be used to predict effluent 
' Jaehoon Lee and R. Horton. Dept. of Agronomy, Iowa State Univ.. Ames, lA 50011; and 
D.B. Jaynes, USDA-ARS, National Soil Tilth Lab., 2150 Pammel Dr., Ames, L^. 50011. 
Journal paper No. of the Iowa Agric. and Home Econ. Exp. Stn.. Ames; Projects No. 
3262 and 3287. and supported by Hatch Act and State of Iowa. 
61 
breakthrough curves (BTC) for the 20-cm soil cores. The estimates from the TDR method 
were used to calculate effluent BTCs using the CXTFIT computer program. The calculated 
BTCs were similar to the observed BTCs with coefficient of determination (r^) being 0.99 
and root mean square error (RMSE) being 0.034. The TDR method is easy to use and 
accurate for determining solute transport model coefficients. 
INTRODUCTION 
Water and chemical movement in the vadose zone is a very important topic for both nutrient 
management and pollution control. Growing awareness of surface and groundwater 
contamination has led to the need to be better equipped to monitor and predict the fate of 
chemicals in soil. A variety of physical and chemical processes affect the behavior of 
contaminants in soil and groundwater systems. Rapid movement of solute through soil to 
groundwater via preferential flow pathways has been reported. One approach to characterize 
preferential flow has been to divide the soil water into zones or domains of mobile and 
immobile water (Coats and Smith. 1964; van Genuchten and Wierenga, 1976). Many studies 
(Rao et al., 1980; Nkedi-Kizza et al., 1983; Lee et al., 1999a) have shown that the mobile-
immobile model (MIM) can describe some forms of preferential solute transport. The MIM 
has three significant model parameters, immobile water content (6j^ ), mass exchange 
coefficient (a), and dispersion coefficient (DJ, to describe non-sorbing, conservative solute 
transport. However, determining the tliree parameters is not easy, especially in the field. 
So far, methods to estimate only some of the parameters have been developed. Clothier et al. 
(1992) first introduced a method to estimate 0,^ of field soil using a tension infiltrometer and 
a conservative tracer (Br). The Br tracer was applied through a tension infiltrometer with 
steady-state infiltration. After applying sufficient infiltration of tracer, soil samples were 
taken and analyzed to calculate 0j^. If all the soil water is mobile, the concentration of the 
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tracer should equal the input concentration. Based on the concentration difference between 
the input solution and the soil solution, one can calculate 0,^. Similarly, Jaynes et al. (1995) 
presented a technique that could estimate both and a. They developed a log-linear 
equation using the MIM. The equation represented a relationship between resident tracer 
concentration and time of tracer application and can be used to estimate both 0|^ and a. In 
order to apply the method, a sequence of benzoate tracers (ST) were applied through a 
tension infiltrometer. The Jaynes et al. (1995) ST method was tested in the field (Casey et al., 
1997) and in the laboratory (Lee et al., 1999a). Casey et al. (1997) and Lee et al. (1999a) 
reported that the ST method provided MIM parameters representative of the soil. 
Based on the ST method. Lee et al. (1999b) recently presented a time domain reflectometry 
(TDR) method that could simultaneously estimate 0i^ and a. The method used a shallow 
TDR probe installed into a surface 2-cm soil layer with a CaCU application to measure 
resident concentration changes as a function of time due to the mass exchange between 
mobile and immobile water domains. They analyzed the TDR measurements to estimate 
and a using a log-linear relationship derived from the ST method. The TDR method provides 
an extensive number of data points whereas the ST method pro\'ides a limited number of data 
points depending on availability of the sequential tracers. Lee et al. (1999b) compared the 
estimated 0|^ and a parameters from tlie TDR method with die parameters obtained from 
inverse curve fitting of the effluent breakthrough curve (ETC) data. The parameters obtained 
from the TDR method were very similar to the parameters obtained from the effluent data. 
Although one can estimate and/or a in the field using one of the methods described 
above, the dispersion coefficient is not estimated. Dispersion of solute is a primary 
mechanism for solute transport in soil. Thus, it would be useful to estimate the dispersion 
coefficient (DJ along with 0j„ and a in the field without performing an extensive 
breakthrough experiment. 
63 
The objective of this study was to develop and evaluate a method for determining the three 
MIM parameters (0,^ , a, and D^,) using a shallow (0-2 cm layer) TDR probe. The TDR 
method was tested using undisturbed soil columns. The MIM parameters obtained from the 
TDR method after applying a step increase of CaCl, solution were compared to the 
parameters estimated from the observed effluent BTCs for the same soil cores. The estimates 
from the shallow TDR probe were used in a simulation study to predict effluent BTCs, and 
the predicted BTCs were compared to the observed effluent BTCs. 
Theory 
As a modified version of the traditional convection-dispersion equation (CDE), Coats 
and Smith (1964) first introduced a concept of mobile and immobile water domains or dual 
domains, that van Genuchten and Wierenga (1976) expanded to describe preferential solute 
transport in soil columns. For one-dimensional transport of non-reactive, conservative solute, 
the MIM can be written as follows: 
rC rC c'C cC 
0  ^ ^ 0  ^ = 0  D  ^  [ 1 ]  
ct ct cx- cx 
where 0^, and 0;^ are mobile and immobile volumetric water contents, 0^ +0jn, equals total 
water content (0), C^ and Cj^ are concentrations in 0^, and 0jn,, respectively, t is time, D^, is 
apparent dispersion coefficient, q^ is Darcy flux, and x is distance. Solute exchange between 
the mobile and immobile domains is described by: 
0 ,n ,^=cc(C.-C,„)  [2]  
where a is the first-order mass exchange coefficient. 
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The mobile-immobile model is used for this TDR study because it is capable of 
describing some forms of preferential flow and is simple to apply. However, determining the 
required model parameters. 0|„, a. and in the field is not as easy as in the laboratory. 
Although one can determine the parameters by applying inverse methods to effluent 
breakthrough data (Parker and van Genuchten, 1984; van Genuchten and Wagenet. 1989; 
Gamerdinger et al.. 1990), obtaining effluent breakthrough data in the field is not usually 
practical. 
With careful use, the TDR can accurately measure soil solution concentration. The bulk 
electrical conductivity, is inversely related to impedance load (Z) of the TDR probe and 
the relationship can be expressed: 
aa = kZ"' [3] 
where k is a calibration constant. Measurements of Z obtained by TDR are a function of 0 
and electrical conductivity of the soil solution. a„. which is directly related to soil solution 
concentration. A number of studies (Rhoades et al.. 1976; Shainberg et al.. 1979; Nadler and 
Frenkel, 1980; Nadler et al.. 1991; Vogeler et al.. 1996; Risler et al.. 1996) have shown that 
there is a linear relationship between and over a wide range of 0 and soil solution 
concentrations. Rhoades et al. (1976) reported the following linear relationship between 
and at constant 0: 
cr = 7 a + C7 [4] 
a / o \v ^ s 
where y„ is a constant, and is bulk electrical conductivity of soil particles associated with 
the exchangeable ions at the solid-liquid interface. The relationship between and o,,. has 
many modified versions, but they all have linear relationships over a wide range of soil 
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solution concentrations and 0. Equations [3] and [4] can be rewritten as follows, based on the 
linear relationship between Z. o^, and 
C = a,Z"' + [^1 
where C is soil solution concentration, and a, and are constants. 
For a step increase of miscible displacement experiment, relative solute concentration 
RCt) can be represented by 
C(t)-C, Z-'(t)-Z: - 1  
where C, is background solute concentration, C„ is input solute concentration. Z, is TDR-
measured impedance load for C,. and Z^ is impedance load for C„. Under steady-state 
conditions, we can directly use Z values to determine solute transport properties in soil. 
Because of the linear relationship between Z and C. the empirical constants such as k. Yo, 
and a, in Eq. [3]. [4]. and [5] need not be determined to calculate R(t). In other words, all of 
the constants in the linear relationship between Z . o^, and cancel out and, therefore, one 
can measure normalized resident concentration BTCs using Eq. [6]. 
The ZQ can be determined by a separate calibration experiment or a continuous 
application of input solution. The separate calibration approach seems to work well for 
repacked soil columns but not so well for undisturbed or field soil (Mallants et al.. 1996). The 
continuous solute application method is most commonly used for TDR calibration. Rhoades 
et al. (1989) introduced the method and Ward et al. (1994) reported good agreement between 
Zo and solution concentration in their loamy sand. Mallants et al. (1996) found that the 
continuous solute application method was usefiil for undisturbed soil and especially for the 
surface 5-cm layer. They assumed that input solute was imiformly distributed within the 
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entire pore space after a long solute application. However, uniform and equilibrium 
distribution of solute may not be always true and is the exception for heterogeneous soils, 
especially when there are overwhelmingly active flow pathways in the soil system (Steenhuis 
et al.. 1995). Preferential flow is common in natural soil profiles because of the variability of 
pore size and the connection of the pores. In this case, the relatively non-active flow 
pathways or immobile domain are not easily filled with input solute and the determination of 
Zo based on the continuous solute application method may not be accurate. 
Instead of using a calibration separate from a transport e.xperiment. Z„ can be directly 
determined for a TDR probe installed into the surface 2-cm soil layer. Soil extract sampled 
from the surface 2-cm soil layer at a specific time. t*. after applying input solution should 
reflect the TDR value measured at the specific time. t*. The resident concentration from the 
soil extract can be used to determine Z„ using Z measured at time t*. The Z^ value can then be 
used to calculate normalized R(t) values using Eq. [6]. The RCt) values represent resident 
concentrations of the soil solution. This TDR method along with a soil sample extract 
removes possible errors associated with the assumption that all pore space is filled with input 
tracer. Moreover, by introducing a soil sample extract measurement, the TDR method does 
not require an excessively long continuous solute application, which is time consuming. Soil 
extraction for this TDR method is simple because sampling requires only the siuface 2-cm 
layer of soil. 
Using R(t). one can construct resident concentration BTCs. Using the resident 
concentration BTCs. one can determine cherm'cal transport properties using an inverse curve 
fitting method in the CXTFIT program (Toride et al., 1995). This shallow TDR method is 
well suited to in situ measurements in heterogeneous systems as well as to undisturbed soil 
columns because this method does not need any separate calibration. 
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MATERIALS AND METHODS 
Undisturbed Soil Sampling 
Undisturbed soil cores were collected during fall 1998 from the Agronomy and 
Agricultural Engineering Research Center located about 11 ion west of Ames, Iowa. The 
field had been chisel plowed and planted in com {Zea mays L.). The soil at the field site is 
classified as Nicollet silt loam (fine-loamy, mixed, superactive. mesic Aquic Hapludolls) in 
the Clarion-Nicollet-Webster soil association. Selected physical properties and conditions of 
tlie soil are listed in Table 1. The particle density was measured using the pycnometer method 
described by Blake and Hartge (1986). 
To obtain undisturbed soil columns from the field. 50-cm-wide trenches were dug. The 
depth of each trench was about 40 cm. For each soil core, a furnace pipe (12-cm diam. and 
30-cm length) was placed on the surface after removing vegetation. Soil around the pipe was 
gently shaved off to form a pedestal of about 12 cm in diameter. The pipe was then carefully 
pushed downward to encase the column and to avoid smearing. The process continued until 
25-cm-long soil columns were obtained. Each soil column was then wrapped in a plastic bag 
and stored at 4°C to minimize biological activity. 
In the laboratory, the furnace pipe was opened from the sides and removed from the 
undisturbed soil column. The soil cores were trimmed to the desired dimensions (12-cm 
diameter and 20-cm length). A polyvinyl chloride (PVC) plastic pipe (l4-cm diam.) was put 
around each soil column so that the soil core was at the center of the PVC pipe. The space 
between the soil core and the PVC pipe was filled with molten paraffin wax. The paraffin 
wax was used to eliminate wall flow of the soil column. After the space was sealed with 
paraffin wax, a wire screen was attached to the bottom of the colunm to prevent soil loss and 
a flmnel was positioned beneath the column. The ftmnel was used to direct effluent to a 
fi:action collector. The upper surface of each soil column represented the actual field soil 
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surface, with tlie exception that litter and loose soil had been carefully removed to provide a 
level surface. 
TDR Setup and Miscible Displacement Experiments 
Three soil columns (A, B, and C) were used for the experiments. In each soil column, a 
two-rod. 2-mm diameter, and lOO-mm-long TDR probe was used along with a cable tester 
(model 1502B. Tektronix Inc., Beaverton, OR) and TACQ program (Evett, 1998) to obtain 
Z(t) during miscible displacement experiments. The probe was installed diagonally from the 
surface to a depth of 2 cm to simulate a field situation. In the field, one can minimize soil 
disturbance by installing the TDR probe diagonally instead of horizontally. We assume that 
the TDR probe measures the average of the top 2-cm layer of soil. The diagonally installed 
0.1-m-long probe was used instead of a vertically installed 0.02-m-long probe because a short 
probe may induce errors in determining 0 (Reeves and Elgezawi. 1992; Topp et al., 1984; 
Dalton and van Genuchten. 1986). 
Each undisturbed soil column equipped with a TDR probe was positioned vertically and 
slowly saturated from the bottom with a background solution of 0.01 M CaCU. After 
saturation, a steady downward flow was established with a 1-cm surface head. The volume 
rate of outflow was measured as a function of time during each experiment to confirm the 
steady flow conditions. 
Before starting the step input miscible experiment. Z, of the soil solution was measured 
using TDR. This value represented a concentration of background solution and was used to 
calculate normalized R(t) values in Eq. [6]. A step input of CaCU was applied on each soil 
column. Input solution of 0.5 M CaCU was applied using a Mariotte bottle with a 1-cm 
constant head. Approximately 4 pore volumes of input solution were applied. We assumed 
that the background (0.01 M) and input (0.5 M) concentrations of CaCU satisfy the linear 
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relationship between Z, o^, and o^, reported in the previous studies (Rhoades et al., 1976; 
Shainberg et al.. 1979; Nadler and Frenkel, 1980; Nadler et al., 1991; Vogeler et al.. 1996). 
The duration of 4 pore volumes of input application were equivalent to 40 pore volumes of 
input application for the top 2-cm sampling layer where the TDR probe was diagonally 
installed. The Z(t) values were measured at a time interval equivalent to 0.025 pore volume 
for the whole experiment. During the experiment, each 0.025 pore volume of outflow 
containing the tracers was collected from each column with a fraction collector, and the 
samples were stored at 4 C before analysis. At the end of the step application, the outflow 
was stopped and the top 2-cm surface soil was sampled and extracted. The remaining soil 
was oven dried at 105°C. and the dry weight of the sample was used to calculate water 
content. Water content was also estimated with the TDR using the Topp et al. (1980) 
equation. 
di^ Of and D„ Estimation: Effluent Data 
The collected effluent samples were analyzed using a Digital Chloridometer 
(HaakeBuchler Instruments Inc.. Saddle Brook. NJ). Each effluent BTC was normalized by 
the input concentration and used to estimate D^, and a by the conventional curve fitting 
method using the program CXTFIT (Parker and van Genuchten, 1984; Toride et al. 1995). 
CXTFIT finds the model parameters by an inverse curve fitting of the analytical solution to 
the MIM equations (Eq. [1] and [2]). 
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Qi^  a, and D„ Estimation: TDR method 
In order to obtain Z. a simplified waveform analysis approach was used. The impedance 
load. Z, (ohms) is: 
(1 + p) 
( I - P )  
Z=Z,,,77-i^ [7] 
where is output impedance of the cable tester (50 ohms), and p is reflection coefficient of 
the TDR waveform. Detailed descriptions for determining Z can be found in Wraith et al. 
(1993). 
The TDR-measured values ofZ(t) were normalized to R(t) values based on Eq.[6]. For 
each column, in order to calculate Z„, the final computed R value was set equal to the 
measured resident concentration from the soil extract. Then one could easily determine Z„ 
using Eq. [7]. The normalized R(t) values represented relative resident concentrations of the 
surface 2-cm soil layer, where the TDR probe was installed. The R(t) values obtained from 
TDR were used to estimate 0,n,, a. and D^ using the CXTFIT. The depth for the curve fitting 
in the CXTFIT was set at 1 cm, which is the average depth of the sampling volume (0-2 cm) 
of the TDR probe. The estimates from the TDR were compared with the estimates from the 
effluent data. 
Simulation study 
A computer simulation study was conducted to test whether the estimated MIM 
parameters from the surface 2-cm soil layer using TDR could be used to predict effluent 
BTCs for the 20-cm soil columns. The MIM analytical solutions from CXTFIT were used to 
construct the predicted effluent BTCs. The predicted BTCs were generated using MIM 
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parameters estimated from the TDR method. These calculated BTCs were compared with the 
observed effluent BTC. Two quantitative measures, coefficient of determination (r^) and root 
mean square error (RMSE) (Snedecor and Cocliran,1967; Willmott et al.. 1985), were used to 
evaluate the predicted BTCs. 
RESULTS AND DISCUSSION 
Figure 1 shows the R(t) values obtained from TDR for Columns A. B, and C. The 
resident concentrations increased relatively quickly at the beginning of the tracer application 
(about 60% of the input concentration) and increased relatively slowly over the remaining 
application period. Conceptually, because the initial mobile water (or active flow pathways) 
was first replaced with the input tracer solution mainly by convection, the resident 
concentration increased relatively quickly at the beginning of the experiment. As the mobile 
domain was replaced with input tracer, tracer in the mobile domain diffused over time into 
the immobile water domain (or relatively non-active flow pathways). The diffusion process 
was relatively slow as compared with the convection process. 
Note that the duration of the step input application (4 pore volumes) was equivalent to 
40 pore volumes for the surface 2-cm soil layer. The relative resident concentrations from the 
soil extracts ranged from 0.76 to 0.86 after applying 40 pore volumes. Because the relative 
resident concentrations from the soil extracts were less than one. it means that some of the 
water-filled pore spaces were not replaced with input solution, indicating the presence of an 
Lmmobile water domain. Thus, assuming complete replacement of the soil water with input 
solution after 40 pore volumes of application would result in a 14 - 24 % error. 
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Comparison of the estimates from the TDR method and effluent data 
The estimated MIM parameters from the effluent data and from the TDR method for the 
three soil columns are shown in the first two columns of Table 2. The estimates marked "3-
fit'" are obtained from the TDR method. The 95% confidence intervals (CI) from CXTFIT are 
reported as well. The estimated immobile water fractions (0,n,/0) obtained from the TDR 
method were lower than the 0,n,/0 from the effluent data. The means of 0i^/0 from the TDR 
method and from the effluent data were 0.18 and 0.34. respectively. The estimated a values 
from the TDR method were lower than the estimates from the effluent data. The means of a 
(h"') from the TDR method and from the effluent data were 0.001 and 0.03, respectively. The 
means of Dn, (cm- h"') from the TDR method and from the effluent data were 223 and 114, 
respectively. For all three soil columns, the parameter estimates from the TDR method were 
not similar to the parameter estimates from the effluent data. The estimates from the TDR 
method had larger 95% CI than die estimates from the effluent data. However, the confidence 
intervals of TDR determined parameters encompassed the effluent determined parameters, 
e.xcept D„. 
.Although it is possible to perform an inverse curve fit for all three parameters at the same 
time, die simultaneous fitting of D^, 0,„, and a can be inaccurate and nonunique (Parker and 
van Genuchten. 1984). Note that the R(t) values from the TDR method are from the surface 
2-cm soil layer where the analytical solution in the CXTFIT is sensitive to the surface 
boundary condition. In other words, small experimental errors leading to slight changes in the 
measurements in the surface 2-cm soil layer could cause deviations of fitted parameters. 
Therefore, it is desirable to estimate one (or two) of the parameters independently and fix 
before using inverse curve fitting to determine the remaining unknown parameter(s). By 
fixing 0,n, and/or a. the inverse curve fitting can be used to solve for only one or two 
parameters rather than for all three parameters. 
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Immohile water content and a were estimated independently using the Lee et al. (1999b) 
log-linear TDR method (LLT method) so that one or two parameters could be fixed for the 
inverse curve fitting of the resident concentration BTCs. Tlie shaded values of 0,„ and a 
estimates in Table 2 are obtained from the LLT method. In the "6,^ -fixed" column in Table 
2. 0,^ was obtained from the LLT method and a and were obtained using inverse curve 
fitting (CXTFIT) of the resident concentration. R(t). by fixing 0,^. In the "a -fixed" column, 
a was estimated from the LLT method and 0,^, and were from inverse curve fitting. In the 
"0in,. a-fixed" column. 0jn, and a were estimated from the LLT method and only was 
estimated by inverse curve fitting. 
The 0|n, and a estimates from the LLT method were similar to the estimates from the 
observed effluent data. After fixing 0i„ obtained from the LLT method, the a and 
estimates were similar to the estimates from the effluent data. The estimates after fixing a or 
both 0,n, and a were also similar to the estimates from the effluent data. Note that the 
estimates from the TDR method used resident concentration data from the surface 2-cm soil 
layer, whereas the observed effluent data were obtained from the bottom of the 20-cm soil 
column. 
Casey et al. (1998) measured 0jm/0 and a using a tension infiltrometer for four different 
pressure heads at a field located near the site where the soil cores for this study were taken. 
The average of 0in,/0 values from this study was 0.31. which was similar to the values that 
Casey et al. (1998) reported (the median of 0i„/0 = 0.40 ranged from 0.17 to 0.68 at 1-cm 
head). However, the median of a that Casey et al. (1998) reported was 0.59 and ranged from 
0.08 to 4.7. which was higher than the average value of this study, 0.03. Possible 
explanations for the disagreement of a is different geometry of soil pore structure due to the 
different season of measurements and tillage. Different pore water velocity could also cause 
the discrepancies. 
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In order to test whether the information from the shallow soil could be used to predict 
chemical transport in the whole soil column, the parameter estimates from the TDR method 
(from the surface 2-cm soil) were used to predict effluent BTCs at the 20-cm depth. The data 
reported here were uniquely suited for this purpose because we measured both resident and 
breakthrough concentrations during the same tracer experiments. MIM parameter estimates 
from 3-fit and from tlie three different trials mentioned above (Table 2) were used to generate 
effluent BTCs. The results of predicting BTCs are shown in Fig. 2 along with measured 
BTCs. The calculated BTCs were generated using the analytical solution of MIM from the 
CXTFIT. The BTC marked "3-fit" used a. Oj^,, and values obtained from fitting three 
parameters simultaneously. The BTC marked "0|n,-fixed" used a. and in the "Ojn,-
fixed" column in Table 2. The BTC marked "a-fixed" used the three MIM parameters in the 
"a-fixed" column in Table 2. The BTC marked "G™, a-fixed" used the MIM parameters in 
the "0jn,, a-fixed" column in Table 2. In general, all of the calculated BTCs were successfial in 
predicting observed effluent BTCs. Two quantitative measures, coefficient of determination, 
r^. and RMSE (Snedecor and Cochran. 1967; Willmott et al., 1985), were used to evaluate the 
accuracy of the inverse curve fitting and the predictions. Coefficient of determination, r^. was 
computed for the nonlinear relationship based on Snedecor and Cochran (1967). The r^ values 
for the effluent fitted and predicted BTCs ranged from 0.98 to 0.99 indicating the accuracy of 
the inverse curve fitting and prediction. Table 3 shows the RMSE for the effluent fitted BTCs 
and the calculated BTCs. The average RN'ISEs for the effluent fitted BTCs were lower than 
those for the calculated BTCs. The average RMSEs for the effluent fitted and calculated 
BTCs were 0.009 and 0.036, respectively. The ratios of the predicted BTCs to the observed 
BTCs for RMSE were calculated (Table 3). The average RMSE ratio of 3-fit. 0—fixed, a-
fixed. and 0j„, a-fixed predicted BTCs to observed BTCs were 4.3, 3.3, 3.6, and 3.2, 
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respectively. The results imply that the parameter estimates obtained from fixing one or two 
parameters from the LLT method made better predictions of effluent BTCs than did the 3-fit 
estimates. 
We should note that the parameter estimates used for the predictions of effluent BTCs 
were obtained from the surface 2-cm soil layer, whereas the measured BTCs represented 20-
cm long soil columns. Furthermore, the TDR method used resident concentrations, whereas 
measured BTCs were obtained from effluent data. In spite of these facts, the calculated 
effluent BTCs from the TDR method were very similar to observed effluent BTCs. Lee et al. 
(1999a) collected both resident concentrations and effluent data from same soil column 
experiment. They reported that predicting effluent data using resident concentrations seems to 
work better than predicting resident concentrations using effluent data. These are promising 
results indicating the capability of the shallow TDR method to provide solute transport 
parameters ±at can be used to extrapolate chemical movement in deeper soil. The TDR 
method needed only a step application of CaCU and a single surface soil extract to determine 
chemical transport properties. From a simple salt solution BTC experiment, one can 
determine 0j„, a. and D^, without effluent data. 
CONCLUSIONS 
A field applicable TDR method for determining preferential water and chemical 
transport properties was developed and evaluated by using carefully controlled laboratory 
experiments. The estimated MIM parameters from the TDR method showed good agreement 
wdth the estimates from the observed effluent data. The simulation study demonstrated the 
feasibility of the TDR method for characterizing solute transport in soil. The TDR method 
was relatively simple and reliable. The TDR method requires only a surface soil sample with 
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minimum disturbance of soil, after applying a step input of salt solution. Furtliermore. the 
TDR is portable and can be multiplexed so that one can easily install probes at multiple 
locations in the field. This shallow TDR method is a promising method and should be ftirther 
examined in situ to delineate solute transport. 
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Table 1. Physical conditions for the three soil column experiments. 
Bulk Density Water Content Velocity 
Column Texture 
(g cm"^) (cm' cm"^) (cm n') 
A 1.42 0.45 17.9 
B siIty clay loam 1.32 0.49 20.9 
C 1.40 0.46 26.2 
Table 2. Comparison of parameter estimates from the I'DR method and from the eflluent data. 
Effluent TDR 
3-nt e„„-llxed a-fixed 0,„„ a fixed 
Column A 
0i„/e 
a (h"') 
D,„ (cm-h ') 
0.39 ±0.07 
0.02 ± 0.02 
100 ±0.01 
0.15 ±0.52 
0.001 ±0.17 
182 ±0.01 
0.31* 
0.03 ± 0.08 
99 ±0.01 
0.23 ±0.11 
0.01 
140 ±0.01 
0.31 
0.01 
82 ±0.01 
Column B 
0i,./e 
a (h"') 
D,„ (cm-h') 
0.28 ± 0.04 
0.01 ± 0.02 
102 ±0.01 
0.17 ±0.20 
0.001 ±0.10 
275 ± 0.01 
0.31 
0.02 ± 0.08 
174 ±0.01 
0.28 ± 0.20 
0,03 
164 ±0.01 
0.31 
0.03 
151 ±0.01 
0i,../e 
Column C " ') 
D,„ (cnrh ') 
0.35 ± 0.04 
0.07 ±0.02 
141 ±0.01 
0.13 ±0.14 
0.002 ± 0.09 
278 ±0.01 
0.30 
0.06 ±0.14 
124 ±0.01 
0.24 ±0.15 
0.05 
164 ±0.01 
0.30 
0.05 
129 ±0.01 
* Shaded values are from the log-linear TDR method (Lee et al., 1999b). 
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Table 3. Root mean square error (RMSE) values for the effluent fitted and the calculated 
breakthrough curves. 
Column A Column B Column C Average 
Effluent fitted 0.013(1.0)* 0.009(1.0) 0.006(1.0) 0.009(1.0) 
3-fit 0.046 (3.6) 0.047 (5.3) 0.028 (4.7) 0.041 (4.3) 
0,^-fixed 0.033 (2.6) 0.039 (4.3) 0.020 (3.3) 0.031 (3.3) 
a-fixed 0.037 (2.9) 0.037(4.1) 0.026 (4.3) 0.033 (3.6) 
a. 0,^- fixed 0.034 (2.6) 0.035 (3.9) 0.019(3.2) 0.029 (3.2) 
* the ratios of the calculated BTCs to the observed effluent BTCs for RMSE. 
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Figure 1. The relative resident concentrations. R(t). obtained 
from the shallow (0-2 cm soil layer) TDR probe for the 
three soil columns. 
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Figure 2. The predicted effluent breakthrough curves (BTC) are plotted 
along with the observed BTCs for the three soil columns. The 
predicted BTCs were generated using the estimated parameters 
shown in Table 2. 
85 
CHAPTER 5. CHARACTERIZATION OF PREFERENTIAL SOLUTE TRANSPORT 
USING A VERTICAL TDR PROBE' 
A paper to be submitted to Journal of Environmental Quality 
Jaehoon Lee. Kosuke Noborio. Robert Horton, and Dan B. Jaynes 
ABSTRACT 
Rapid movement of agricultural chemicals through soil to groundwater via 
preferential flow pathways has been reported. Preferential flow may be a leading cause of 
water contamination by agricultural chemicals. However, preferential solute flow in the 
vadose zone is not fully understood due to complexities of soil. A concept that separates soil 
water into "mobile" and "immobile" has been successful to describe some forms of 
preferential flow. However, there currently exists no practical field method for determining 
the mobile-immobile model (MIM) parameters- immobile water content mass exchange 
coefficient, a. and dispersion coefficient, D^,. The objective of this research is to develop and 
evaluate a field applicable method to determine MIM parameters. The method is tested in 
carefully controlled laboratory experiments using 20-cm long and 12-cm diameter 
undisturbed saturated soil columns. The method uses a vertically installed time domain 
reflectometry (TDR) probe and a short pulse of tracer application to obtain breakthrough 
curves (BTC). The BTCs obtained firom TDR are used to estimate MIM parameters which are 
compared to the parameter estimates firom effluent data. A conventional inverse curve fitting 
method (CXTFIT) is used to estimate parameters. The means of Gj^/G from TDR and effluent 
' Jaehoon Lee and R. Horton, Dept. of Agronomy, Iowa State Univ., Ames, lA 50011: K. 
Noborio. Dept. of Agricultural Engineering, Iwate Univ., Morioka, Iwate 020-8550, Japan; 
and D.B. Jaynes, USDA-ARS, National Soil Tilth Lab., 2150 Pammei Dr., Ames, lA 50011. 
Journal paper No. of the Iowa Agric. and Home Econ. Exp. Station., Ames, lA 
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data were 0.43 and 0.50, respectively and the means of a from TDR and effluent data were 
2.18 and 1.74 h"', respectively. The means of D^, from TDR and effluent data were 226 and 
209 cm-/h. respectively. Total mass recovery tests were compared from both effluent and 
TDR data. The total mass recovery from effluent and TDR were 100% and 97% of applied 
tracer, respectively. The vertical TDR probe method is simple and non-destructive and 
provides representative MIM parameters. 
INTRODUCTION 
Groundwater contamination by agricultural chemicals is a problem of increasing 
magnitude. Tlie fate of agricultural chemicals in the environment depends on many factors 
such as soil type, rainfall, tillage, and chemical management practices. However, the 
movement of water and solutes in the vadose zone is not flilly understood due to complexities 
of soil. One of the soil complexities is the preferential flow of solute transport through 
macropores, cracks, root channels, worm holes, and as a result of soil structure 
heterogeneities. Preferential flow may be a leading cause of water contamination by 
agricultural chemicals and may in part explain why screening models that ignore preferential 
flow do not accurately predict observed spatial patterns of groundwater contamination 
(USEPA, 1992). Preferential flow can occur in structured soils and in seemingly homogenous 
sandy soils and is especially important for those chemicals that are toxic in parts per billion 
or trillion concentration (Steenhuis et al., 1995). Gachter et al. (1998) reported that soil 
macropores and artificial drainage systems are the most important pathways for the vertical 
and latercd transport of soluble reactive phosphorus (SRP) from P-enriched soil surfaces to 
surface waters. A concept that separates soil water into "mobile" and "immobile" has been 
successfiil to describe some forms of preferential flow (Coats and Smith, 1964; van 
Genuchten and Wierenga, 1976). The mobile-immobile model (MIM) assimies that mobile 
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water is free to move and solute movement in the mobile domain is by advection and 
dispersion, while immobile water is stagnant and solute in immobile domain can move only 
by diffusion, fhe model has three significant model parameters - immobile water content 
(Bjm). mass exchange coefficient (a), and dispersion coefficient (•„,). Determining these three 
parameters are essential to apply the MIM. However, determining the MIM parameters in the 
field requires extensive sampling of BTCs and analysis, and is difficult. 
A simple and rapid field applicable procedure for determining solute transport 
properties based on TDR measurements was proposed by Kachanoski et al. (1992) and tested 
by Elrick et al. (1992). This method uses vertically installed TDR probes with a very short 
pulse of tracer application. The TDR measurements of bulk electrical conductivity (cj which 
is related to soil solution concentration are used to determine the mass flux of solute past the 
ends of the TDR probes. In a simple approach, is related to impedance load of the TDR 
probe. 
a,(t) = kZ-'(t) [1] 
where Z(t) is impedance load of the TDR probe at time t. and k is a calibration constant. 
Measurements of Z(t) obtained by TDR is a function of soil water content, 0, and electrical 
conductivity of the soil solution, cr,^.. It is assumed that a vertically installed TDR probe to 
depth L can measure the total amount of solute between x=0 (soil surface) and x=L at time t. 
regardless of the distribution of the solute along the probes as shown ui Fig. 1 (Kachanoski et 
al., 1992). For example. TDR measurements at both time t,and t^ (Fig. 1) should be identical 
because vertically installed TDR probe measures the total amount of chemical applied no 
matter how the chemical is distributed along the probe. At both time t, and t^, the total 
amount of chemical applied is still remaining inside of the soil column. Once chemical 
leaching starts at time t3, the vertically installed TDR probe will measure decreasing Aiter 
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a solute pulse of tracer has been applied, the relative mass of applied tracer can be measured 
(Kachanoski et al, 1992) by 
where M^Ct) is relative specific mass of applied tracer at time t, Z(t) is impedance load of the 
TDR probe at time t. Z(tj) is impedance load before tracer application. Z(t„) is impedance 
load after the specific mass of tracer application, but before any solute has moved past L 
Detailed descriptions of Eq. [2] can be found in Kachanoski et al. (1992). From Eq. [2], 
relative mass remaining within depth L at any time can be obtained. From the observed 
residual mass BTC determined with TDR. we can obtain a flux-averaged concentration BTC 
by taking the first derivative of MR(t) in Eq. [2] with respect to volume of outflow. The 
calculated flux-averaged concentration BTC can be used to characterize solute transport in 
soil. Rudolph et al. (1996) conducted an infiltration study using vertical TDR probes and 
lysimeters. They reported that breakthrough curves (BTC) from the TDR method were 
similar to the BTC firom the solution sampler. 
A number of studies (Vanclooster et al.. 1993. 1995; Ward et al., 1994. 1995; 
Mallants et al.. 1994. 1996; Heimovaara et al.. 1995; Risler et al.. 1996; Persson 1997; Lee et 
al.. 1999) have been conducted to evaluate the performance of TDR. These studies focused 
on measuring BTCs based on TDR measured 0 and a^. Wraith et al. (1993) reported a good 
agreement between D^, and retardation factor (A) estimates firom TDR and effluent using 
unsaturated steady flow in undisturbed soil columns. Vanclooster et al. (1993), Mallants et al. 
(1994), and Risler et al. (1996) also utilized TDR measurements to estimate solute transport 
parameters firom BTCs. However, few of these studies were done using structured. 
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undisturbed soil cores obtained from field and models that included preferential flow; and 
most of these studies required one or more complicated calibration procedures to establish 
BTCs using TDR measurements. The calibration procedures often include many potential 
errors and are time-consuming. The studies also used horizontal probes installed at certain 
depths below the soil surface. Sometimes it is not practical to install TDR probes horizontally 
in field. 
To date, no one has tested the ability of a vertical TDR probe for determining MIM 
parameters. The vertical probe approach is well suited to in situ measurements in 
heterogeneous systems and undisturbed soil cores because this method does not need a 
separate calibration experiment. The objective of this study is to test a vertical TDR probe for 
determining iMIM parameters using undisturbed soil cores. The MIM parameter estimates 
from TDR measurements are compared with estimates obtained by conventional inverse 
fitting of effluent breakthrough data. Mass balances based on TDR and effluent data are also 
compared. 
MATERIALS AND METHODS 
Undisturbed soil cores were collected during spring 1998 from die Agronomy and 
Agricultural Engineering Research Center located about 11 km west of Ames. Iowa. The soil 
is classified as Nicollet silt loam (a fine-loamy, mixed, superactive. mesic Aquic Hapludoll) 
in the Clarion-Nicollet-Webster soil association. Selected physical properties of the soil and 
experimental conditions of the soil cores are listed in Table 1. The particle density was 
measured using the pycnometer method described by Blake and Hartge (1986). Briefly stated, 
50-cm wide and 40-cm deep trenches were dug and vertical soil cores were taken from the 
trench walls. For each soil core, a fiimace pipe (l2-cm diam. and 30-cm length) was placed 
on the surface after removing vegetation. Soil around the pipe was gently shaved off to form 
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a pedestal of about 12 cm in diameter. The pipe was then carefully pushed downward to 
encase the column and to avoid smearing. The process continued until a 25-cm long soil 
column was obtained. In the laboratory, the furnace pipe was opened from the sides and 
removed from the undisturbed soil core. The soil cores were trimmed to the desired 
dimensions (lO-cm diameter and 20-cm length). A polyvinyl chloride (PVC) plastic pipe (14-
cm diam.) was put around each soil column so that the soil core was at the center of the pipe. 
The space between the soil core and the PVC pipe was filled with molten paraffin wax to 
prevent solute flow along the wall. A wire screen was attached to the bottom of the column 
and a ftmnel was positioned beneath the column. The ftmnel was used to direct effluent to a 
fraction collector. The upper surface of each soil column represented the actual field soil 
surface, with the exception that litter and loose soil had been carefully removed to provide a 
level surface. Four undisturbed soil columns were used for this study. The soil columns were 
designated "Column A". "Column B". "Column C". and "Column D". 
A 2.5-mm diameter and 200-mm long two-wire type probe was used for this study. A 
cable tester (model 1502B. Tektronix Corp., Beaverton. OR), and TACQ program (Evett. 
1998") were used to obtain Z and MR(t) as a function of time during miscible displacement 
experiments. In order to obtain Z. a simplified waveform analysis approach presented by 
Wraith et al. (1993) was used. The probe was installed vertically at the center of the soil 
columns from the soil surface to the bottom of the soil columns as shown in Fig. 1. 
TDR probe sensitivity test 
Detecting the total amount of solute regardless of its distribution in a soil column is 
critical for this study. To test if variable distributions of tracer along the TDR probe can 
effect TDR measurements, we conducted a preliminary experiment using three repacked soil 
columns. The repacked soil columns had the same dimensions as the undisturbed soil 
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columns used for miscible displacement experiments. Three distributions patterns of tracer 
were tested. For the first column, the bottom half was filled with soil mixed with 0.01 M of 
CaCK and the top half was filled with soil mixed witli 0.1 M of CaCU. representing the 
condition of having most of the tracer in the top portion of the soil column. For the second 
column, the bottom half was filled with soil mixed with 0.1 M of CaCU and the top half was 
filled with soil mixed with 0.01 M of CaCU, simulating the condition of having most of the 
tracer in the bottom of the soil column. For the third column, a bottom and a top quarter of 
the soil column was filled with soil mixed with 0.01 M of CaCU and in the middle half of the 
soil column was filled with soil mixed with 0.1 M of CaCU. representing the condition of 
tracer in the middle of the soil column. After, packing each soil column, a TDR probe was 
vertically installed into each soil column. Note that the three packed soil columns had 
identical amount of tracer in the soil columns but various distributions. If the vertical TDR 
probe detects the total amount of solute regardless of the horizontal distributions, the 
measurements of impedance load from the three packed soil columns should be identical. 
Although this test does not fully represent the complexity of undisturbed soil colimin, the test 
should provide an idea of sensitivity of the vertical TDR probe where the solute is non-
uniformly distributed along the probe. 
Residual mass BTC experiments 
Each soil column was mounted vertically and slowly saturated from the bottom with a 
background solution of 0.01 M CaCU. After saturation, TDR probes were vertically installed 
by carefiilly pushing them down through the soil surface as shown in Fig. 1. The bottom of 
each soil column was then opened for free drainage and steady flow with a 1-cm head surface 
was established. Physical conditions of the soil columns are shown in Table 1. A steady-flow 
miscible displacement experiment was conducted to obtain residual mass (RM) BTC using a 
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specific mass of CaCU and TDR. In order to obtain tiie MR(t), the initial impedance load, 
R(ti). of the soil solution was measured by TDR. A total of 0.06 mole of CaCU (15 ml of 4 M 
CaCU) was quickly applied at the top of each soil column. Input impedance load. R(tJ, was 
measured right after the tracer application, but before any solute had moved out of the bottom 
of the soil columns. Each soil column was then leached with background solution (0.01 M of 
CaCU). R(t) was measured at a time interval equivalent to 0.05 pore volume. A M^Ct) was 
obtained from measured R(t|). R(t„), and R(t) values using Eq. [2]. The measured M^Ct) was 
then converted to a flux-averaged concentration BTC by taking the first derivative of MR(t). 
To convert the M^Ct) to a flux-averaged concentration BTC, each value of M^Ct) was 
normalized to actual mass (mole) as a function of time. The mass was divided by sampling 
volume (L) to calculate flux-averaged concentration (mole/L) BTC. Solute transport 
properties (0;^, a and D^,) were determined from the converted flux-averaged concentration 
BTC data using an inverse curve fitting method (CXTFIT. Toride et al. 1995). Each 0.05 
pore volume of outflow containing the tracer was also collected with a fraction collector from 
the bottom of the column, and stored at 4 "C before analysis. A calculated MR(t) can be 
obtained from the effluent data by taking total mass (mole) of tracer applied minus 
integration of effluent BTC as a fimction of time. Thus, MR(t) from TDR and effluent BTC 
are measured, and MR(t) from effluent and effluent BTC from TDR are calculated data. The 
MR(t) BTCs from TDR and from effluent data were compared with each other. MIM 
parameters were estimated using the calculated effluent BTCs obtained from TDR and 
compared to the estimates from observed effluent BTCs. 
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Mass recovery test 
Total mass recovery of applied tracer was calculated using observed effluent data and 
TDR measurements. The total mass recovery calculation consists of two parts. One part uses 
effluent BTC data and another part uses MrCI). The total mass was calculated after 5 pore 
volumes of leaching solution applied. To calculate the total mass balance based on tlie 
measured effluent data, integration of the effluent BTC, and remaining mass of tracer in the 
soil column from the calculated M^Ct) were added. In other words, the amount of chemical 
applied to the soil column should be equal to the amount of chemical leached from the soil 
column plus the amoimt of chemical remaining in the soil column. To calculate total mass 
balance based on the TDR data, integration of the calculated effluent BTC. and remaining 
mass of tracer in the soil column from measured M^Ct) were added. The values of total mass 
balance from TDR measurements were compared to the values from observed effluent data. 
Comparison of predicted and observed effluent BTCs 
Predicted effluent BTCs using parameters estimated from TDR were obtained using 
an analytical solution of the MIM in the CXTFIT program (Toride et al.. 1995). The 
predicted effluent BTCs obtained from the TDR estimates were compared to the observed 
effluent BTCs. 
RESULTS AND DISCUSSION 
TBR probe sensitivity test 
The results from the probe sensitivity study showed that there is negligible effect of 
non-imiform distribution of tracer for measurements of Z(t). For tlie three soil columns, the 
average of the R'' values was 0.245 having a standard deviation of ± 0.4 % of the average 
value. The results imply that the vertical distribution of tracer in soil column does not effect 
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TDR measurements of impedance load. Thus the assumption that TDR can detect total mass 
of tracer regardless of vertical distribution along the probe (Kachanoski et al.. 1992) is valid 
for our soil columns. 
Residual mass BTC experiments 
Figure 2 shows relative residual mass (M^) BTCs from the four columns. The Mr 
BTCs marked "TDR" are obtained from TDR measurements and Eq. [2] and the Mr BTCs 
marked "Effluent" are obtained from measured effluent data. As explained above, the "TDR" 
Mr BTCS are measured and the "Effluent" Mr BTCS are calculated using observed effluent 
BTCs. For Columns A and B, tlie Mr BTCS obtained from TDR shows a slight deviation 
from the Mr BTCS obtained from effluent data. The Mr BTCS obtained from TDR tend to 
show earlier breakthrough than the Mr BTCS obtained from effluent data. For Columns C 
and D. the Mr BTCs obtained from TDR and effluent data were similar to each other. 
Column A shows faster leaching of tracer than the other columns. However, no visual large 
pores were observed on the surface or bottom of Column A. Overall, the Mr BTCS obtained 
from TDR were representative of Mr BTCS obtained from observed effluent data. 
In order to quantitatively evaluate the TDR measurements, the "TDR" Mr BTCS were 
converted to flux-averaged concentration BTCs and used with an inverse curve fitting 
method to estimate 0jn,, a. and D^,. Table 2 shows the parameter estimates from the measured 
effluent BTCs and calculated effluent BTCs from TDR measurements. In column A, the 
estimates of 0jn, and a from both TDR and effluent BTC were large indicating the early 
breakthrough of tracer. The parameter estimates from the TDR method and from the effluent 
data were similar to each other for Column B and D, although they were not within the 95% 
confidence interval (CI). Note that 95% CI of the parameter estimates for both effluent data 
and TDR were very narrow especially for a and D^,. In coliunn C, the estimates of 0j„ and a 
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obtained from TDR were very similar to those obtained from effluent data, but D„ from 
effluent data was larger than the D^, from TDR. 
Mass recovery test 
Total mass recovery of applied tracer was calculated to evaluate TDR measurements. 
As expected, total mass recovery from the measured effluent data was close to 100% for all 
soil columns. Total mass recovery calculations based on TDR measurements were done in 
the same manner using calculated flux-averaged concentration BTCs. The total mass 
recovery from TDR measurements ranged from 95 % to 99%. indicating mass balance 
accuracy of the TDR measurements. 
Comparison of predicted and observed effluent BTCs 
We tested the TDR method by comparing the predicted BTCs from the TDR 
determined parameters with observed BTCs and with fitted BTCs. The fitted BTCs are 
obtained using the estimates from observed BTCs. The results of predicted BTCs obtained 
from the TDR method and observed BTCs along with fitted BTCs are showm in Fig. 3. The 
fitted BTCs were almost identical to observed BTCs for all soil columns. This implies that 
tlie MIM was adequate to describe solute transport processes for the soil columns. This result 
is somewhat expected from the results shown in Table 2. the 95 % confidence intervals of the 
estimates from measured effluent BTCs were very narrow and average of determination 
coefficient, r^. for the four soil columns was 0.998. The results imply that the curve fitting to 
the effluent data was accurate and reliable. 
For Column A, the predicted BTC from TDR determined parameters was very similar 
to measured effluent BTC except at the very beginning of BTC. Predicted BTC concentration 
from TDR were a little bit higher than measured values at the beginning of BTC. For 
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Columns B. C. and D, the predicted BTCs from TDR determined parameters deviated 
slightly from the measured effluent data. However, for Columns A, B. C, and D, the r' values 
for the predicted BTCs and the observed BTCs were 0.997, 0.87. 0.96, and 0.95, respectively. 
The r^ values were calculated by computing correlation coefficient, r, using observed and 
predicted BTC data. 
There were discrepancies between Mr BTCs obtained from TDR and obtained from 
effluent data, and between measured BTCs and predicted BTCs obtained from TDR. This 
may be due to several reasons. Although the length of soil cores are relatively short, 20 cm, 
water content values from tlie shallow (0-2 cm) surface layer were a little bit higher than 
those from deeper layers. Nadler et al. (1984) reported that bulk electrical conductivity of 
soil. CTa, is a function of water content, 0. Noborio et al. (1994) and Risler et al. (1996) further 
tested the relationship between cr^ and 0. The relationship between and 0 is more 
complicated in clayey soil tlian in sandy soil (Nadler. 1997). Based on these studies, if the 0 
is not vertically uniform along the TDR probe, the Z(t) values may not accurately represent 
(Tj which is related to soil solution concentatration. Another possible reason for the 
discrepancies is the lateral sampling volume of die TDR probe. Knight et al. (1994) presented 
a study dealing with the sampling volume of a TDR probe based on a spatial weighting 
function. They reported that if the probe wires are too thin compared to their spacing, then 
most of the measurement sensitivity is very close to the wires, which can lead to 
inaccuracies. However, it is difficult to test the theory of lateral sampling volume because of 
the complexity of TDR and soil. In spite of the potential shortcomings of the TDR method, 
the Mr BTCS from TDR were quite similar to the Mr BTCs from effluent data. Use of a 
vertical TDR probe appears to be a promising method for measuring solute transport 
properties in soil. 
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CONCLUSIONS 
A simple field applicable method for determining MIM parameters using a vertical 
TDR probe was developed and evaluated by carcfully controlled laboratory experiments. The 
residual mass BTCs from TDR were similar to the residual mass BTCs from effluent data, 
whereas parameter estimates (Gj^,, a, and D^,) from the TDR method were not similar to the 
estimates from effluent data. However, the simulation study predicting effluent BTCs from 
the TDR method showed a feasibility of the vertical TDR method. Mass recovery from the 
TDR method were very similar to the mass recovery from effluent data. The vertical TDR 
probe method is simple, rapid, and non-destructive and is a promising technique to 
characterize preferential solute transport. This method may prove to be practical for field use. 
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Table I. Physical conditions for the soil column experiments. 
Pore Water 
Bulk Density Water Content 
Column Soil Material Velocity 
(g cm"') (cm^ cm"^) 
^ (cm h'') 
A Ap horizon, si 1.32 0.48 25.6 
B Ap horizon, si 1.49 0.43 22.4 
C Ap horizon, si 1.42 0.45 4.3 
D Ap horizon, si 1.48 0.43 2.7 
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Table 2. Comparison of the estimated parameters from effluent data and TDR. 
Effluent TDR 
0J0 0.64(0.61-0.67)* 0.82(0.76-0.88) 
Column A a (h"') 5.23 (5.23-5.23) 5.45 (5.45-5.45) 
D„ (cm- h"') 653 (653-653) 476 (476-476) 
0 J0 0.14 (0.13-0.15) 0.21 (0.18-0.24) 
Column B a(h-') 0.79(0.79-0.79) 0.41(0.28-0.54) 
D^(cm-h-') 136(136-136) 157(101-213) 
0,^/0 0.45 (0.44-0.46) 0.42 (0.40-0.44) 
Column C a(h-') 0.34(0.33-0.35) 0.33 (0.33-0.33) 
D„ (cm- h-') 79 (79-79) 125 (125-125) 
0J0 0.48 (0.45-0.51) 0.59 (0.51-0.67) 
Column D a (h'") 2.34(2.34-2.34) 0.78 (0.56-1.0) 
D^ (cm- h-') 34 (34-34) 76 (76-76) 
*0 95% confidence interval 
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Figure 1. Schematic diagram of time domain reflectometr>' (TDR) 
setup and conceptual distribution of tracer along the TDR 
probe when a short pulse was applied at time t,<t2<t3. 
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Figure 2. Residual mass BTCs obtained from TDR and from effluent data. 
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CHAPTER 6. GENERAL CONCLUSIONS 
This study was presented in four technical papers. Paper I described a comparison of 0,^, 
and a estimates from the sequential tracer (ST) method and 0,^ and a estimates from the 
inverse fitting of effluent breakthrough curves (BTC). The main conclusion from the study 
was that the ST method provided representative 0,^ and a. Most of the estimates from the ST 
method were within the 95% of confidence intervals of the estimates from the effluent BTCs. 
In addition, tlie mobile-immobile model (MIM) better described solute transport in 
aggregated soil columns where preferential flow occurred than did the conventional 
convective-dispersive equation. 
Papers II, III. and IV examined time domain reflectometry (TDR) methods for 
determining the MIM parameters. In Paper II. a shallow (0-2 cm) TDR probe method based 
on the ST method to estimate 0,^ and a was tested. The 0,^, and a estimates from the shallow 
TDR probe were similar to the estimates from the ST method and from the effluent BTCs. It 
was concluded that the shallow TDR probe can be used to estimate 0,^ and a as an improved 
ST method. 
Paper III studied whether the shallow TDR probe could be also used to describe 
dispersion of solute in soil along with 0,^ and a. The three MIM parameters were 
simultaneously determined from the shallow TDR probe method. A simulation study was 
conducted to test whether the three MIM parameter estimates from the surface 2-cm soil layer 
using TDR could be used to predict effluent BTCs at deeper (20 cm) soil depth. The 
calculated BTCs obtained using estimates from the shallow TDR probe were similar to the 
obser\'ed BTCs at 20-cm depth. The results suggested that the shallow TDR probe could be a 
valuable tool for determining D„, 0|„, and a and the shallow TDR probe described 
preferential solute transport in soil cores well. 
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In Paper IV, a technique using a vertical TDR probe to determine MIM parameters was 
tested. The residual mass (Mr) BTCS obtained from the vertical TDR probe were similar to 
the Mr B TCS obtained from observed effluent data. There was not always full agreement 
between the D^, 0,n,, and a estimates from the vertical TDR probe and the estimates from the 
effluent data. However, a simulation study comparing calculated effluent BTCs obtained 
from the vertical TDR probe method to observed effluent BTCs showed that the TDR 
determined parameters could be used to accurately characterize solute transport properties in 
soil. 
Recommendations for Future Work 
Even though the results of this research have answered some questions about 
determination of MIM parameters using the sequential u^acers and TDR. the following 
recommendations are provided for further research: 
(i) Study the effects in total numbers of tracers on 0j^ and a estimates for the ST method. 
This study may be useful to save time, labor, and expenses when the ST method is introduced 
in the field. 
(ii) Study the exact nature of sampling volume and sensitivity of a TDR probe for the 
bulk electrical conductivity measurement under a wide range of different soil types. 
(iii) Use the TDR methods for determining spatial variability of hydraulic and solute 
transport properties of field soil. 
(iv) Investigate the applicability of the TDR methods for other chemicals such as nitrate-
nitrogen, phosphorus or manure. 
(v) Apply the TDR methods for unsteady flow conditions to characterize preferential 
flow properties. 
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APPENDIX 
A1. In chapter 2. breakthrough curves of the four different tracers for the ten soil columns. 
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A2. Resident concentrations of the four different tracers at the end of leaching for the ten soil 
columns in Chapter 2. 
Depth (cm) 
Column A1 Column A2 
1" tracer ! 2"^ tracer 3''^ tracer 4"^ tracer 1" tracer i 2"" tracer 3"" tracer ! 4"" tracer 
1 0.92 0.92 0.92 0.91 0.97 0.96 0.96 1 0.90 
2 0.91 0.91 0.92 0.91 0.97 1 0.96 0.91 0.93 
3 0.91 0.91 0.90 0.90 0.98 i 0.97 0.93 0.95 
4 0.91 0.90 0.90 0.90 0.96 1 0.94 0.92 0.90 
5 0.93 0.93 0.93 0.93 0.98 0.96 0.92 0.92 
6 0.96 0.96 0.95 0.95 0.96 ^ 0.94 0.91 0.87 
7 , 0.97 0.96 0.97 0.96 0.99 0.95 0.93 0.90 
8 0.96 0.97 0.96 0.95 0.99 0.95 0.93 0.90 
9 0.93 0.94 0.93 0.92 0.98 0.95 0.91 0.90 
10 0.94 0.93 0.94 0.93 0.94 0.92 0.89 0.87 
11 0.95 0.95 0.95 0.95 0.98 0.95 0.90 0.88 
12 0.93 0.93 0.92 0.90 0.99 0.97 0.91 0.92 
Depth Column B1 Column B2 
(cm) P' tracer 2"'' tracer 3^'' tracer: 4''' tracer P' tracer 2"'' tracer 3^'' tracer 4'*' tracer 
I 0.86 0.83 0.81 0.81 0.85 0.87 0.90 0.85 
2 0.84 0.82 0.80 0.79 0.89 0.88 0.90 0.83 
"y 
J 0.84 0.82 0.80 0.80 0.90 0.88 0.90 0.85 
4 0.83 0.81 0.81 0.83 0.88 0.85 0.87 0.82 
5 0.85 0.81 0.81 0.77 : 0.86 0.85 0.86 0.81 
6 0.88 0.77 0.81 0.75 ' 0.84 0.82 0.85 0.78 
7 0.85 0.81 0.80 0.74 ; 0.84 0.81 0.84 0.76 
8 0.87 0.81 0.82 0.75 1 0.82 0.80 0.83 0.73 
9 0.86 0.81 0.82 0.72 0.85 0.83 0.86 0.74 
10 0.87 0.84 0.84 ; 0.71 0.84 0.82 i 0.85 0.71 
11 0.87 0.82 : 0.82 0.69 ; 0.83 0.82 : 0.84 0.67 
12 0.92 0.87 0.85 1 0.68 : 0.85 0.84 1 0.86 0.67 
110 
Depth (cm) Column CI Column C2 
1" tracer ; 2"^ tracer 3'" tracer 4*" tracer 1® tracer : 2"^ tracer 3"* tracer 4'^ tracer 
1 0.82 0.82 0.81 0.70 0.89 0,89 0.88 0.89 
2 0.84 0.83 0.80 0.71 0.90 0.89 0.88 0,89 
o 0.81 0.81 0.77 0.70 0.87 0,87 0.87 0.86 
4 0.83 0.82 0.79 0.67 0.89 0.88 0.85 0.86 
5 0.84 0.84 0.80 0.72 0.86 0.86 0.85 0.82 
6 0.83 0.82 0.80 0.74 0.89 0.88 0.87 0.84 
7 0.88 0.90 0.85 0.80 0.87 0.87 0.84 0.74 
8 0.89 0.88 0.87 0.82 0.89 0.88 0.88 0.75 
9 0.91 0.90 0.88 0.85 0.85 0.85 0.83 0.71 
10 0.92 0.91 0.89 0.85 0.88 0.88 0.88 0.71 
11 0.90 0.90 0.88 0,78 0.87 0,87 0.87 0.67 
12 0.90 0.90 0.89 0.71 0.84 0.85 0.83 0.64 
Depth (cm) Column D1 Column D2 
1" tracer 2"® tracer 3"* tracer 4*^ tracer 1®'tracer 2"^ tracer 3'" tracer 4'" tracer 
1 0.94 0.93 0.92 0.87 0.94 0.94 0.95 0.83 
2 0.94 0.92 0.91 0.88 0.96 0.95 0.91 0.81 
3 0.95 0.93 0.93 0.91 0.99 0.98 0.95 0.85 
4 0.94 0.93 0.93 0.91 0.97 0.98 0.93 0.81 
5 0.95 0.94 0.93 0.90 0.96 0.96 0.91 0.81 
6 0.96 0.95 0.95 0.90 0.98 0.98 0.95 0.79 
7 0.96 0.95 0.95 0.89 0.97 0.97 0.96 0.77 
8 0.95 0.94 0.94 0.84 0.96 0.99 0.98 0.75 
9 0.95 0.94 0.94 0.81 0.95 0.96 0.90 0.79 
10 0.95 0.94 0.95 0.75 0.94 0.95 0.93 0.74 
11 0.95 0.94 0.94 0.69 0.96 0.97 0.95 0.70 
12 0.94 0.93 0.92 0.63 0.96 0.96 0.95 0.68 
Depth (cm) • Column El Column E2 
1®'tracer 2"" tracer 3"^ tracer 4*^ tracer 1" tracer tracer ^ 3'" tracer i 4"" tracer 
1 0.95 0.92 0.92 0.94 0.92 0.94 0.92 0.96 
2 0.97 0.95 0.96 0.97 0.92 0.91 0.92 0.90 
3 0.98 0.96 0.97 0.97 0.88 0.88 0.89 0.86 
4 0.97 0.95 0.95 0.94 0.92 0.91 0.92 0.89 
5 0.93 0.92 0.92 0.88 0.92 0.91 0.92 0.88 
6 0.97 0.95 0.93 0.86 0.92 0.92 0.93 0.87 
7 0.95 0.94 0.94 0.85 0.91 0.91 0.92 0.85 
8 0.98 0.96 0.95 0.87 0.94 0.93 0.94 0.85 
9 0.98 0.96 0.94 0.84 0.91 0.90 0.91 0.79 
10 0.98 0.95 0.94 0.84 0.90 0.89 0.90 0.76 
11 0.98 0.95 0.94 0.81 0.91 0.91 0.92 0.72 
12 0.98 0.94 0.94 0.79 0.93 0.91 0.90 0.67 
I l l  
A3. Raw data for the resident concentrations in the upper four layers calculated as ln(l-€/€„) and 
application time in Chapter 2. 
I Column A1 Column A2 
i I®* tracer 2™* tracer 3"^ tracer 4"^ tracer tracer 2"" tracer 3"" tracer 4"^ tracer 
TTme (h) i 1.52 1.13 0.74 0.36 1.90 1.37 0.93 0.45 
2 1 -2.40 -2.42 -2.49 -2.40 -3,57 -3.32 -2.44 -2.70 
Depth i 3 i -2.43 -2.37 -2.35 -2.34 -4.13 -3.64 -2.63 -2.94 
(cm) : 4 i -2.36 -2.31 -2.34 -2.30 -3.20 -2.88 -2.54 -2.31 
5 1 -2.68 -2.64 -2.67 -2.61 -3.92 -3.19 -2.58 -2.57 
1 Column B1 Column B2 
i 1" tracer 2'^ tracer 3"* tracer 4'" tracer 1" tracer I 2"® tracer 3"* tracer 4"^ tracer 
Time (h; 1.23 0.89 0.56 0.25 3.04 2.25 1.49 0.71 
2 ; -1.83 -1.71 -1.60 -1.58 -2.21 -2.11 -2.34 -1.79 
Depth : 3 i -1.85 -1.71 -1.59 -1.62 -2.27 -2.10 -2.29 -1.90 
(cm) : 4 : -1.80 -1.65 -1.66 -1.78 -2.08 -1.89 -2.07 -1.72 
5 : -1.91 -1.64 -1.67 -1.47 -1.97 -1.92 -1.96 -1.69 
Column CI Column C2 
1" tracer 2"° tracer 3"^ tracer 4*" tracer 1" tracer 2"" tracer 3"^ tracer 4'" tracer 
Time (h) 3.32 2.58 1.70 0.72 2.59 1.92 1.25 0.65 
2 -1.81 -1.79 -1.63 -1.25 -2.26 -2.21 -2.10 -2.22 
Depth 3 -1.64 -1.66 -1.46 -1.21 -2.06 -2.07 -2.02 -1.97 
(cm) 4 -1.77 -1.72 -1.57 -1.12 -2.18 -2.14 -1.92 -1.95 
5 -1.81 -1.83 -1.61 -1.26 -1.93 -1.94 -1.92 -1.72 
Column D1 Column D2 
1" tracer 2"^ tracer 3"^ tracer 4"^ tracer 1" tracer 2"" tracer 3"^ tracer 4*^ tracer 
Time (h| 1.17 0.86 0.59 0.25 1.53 1.13 0.76 0.35 
2 ; -2.84 -2.55 -2.45 -2.10 -3.25 -3.09 -2.40 -1.64 
Depth 3 -2.95 -2.63 -2.67 -2.39 -4.22 -3.97 -3.00 -1.87 
(cm) 4 -2.80 -2.59 -2.65 -2.37 -3.63 -3.74 -2.71 -1.66 
5 -3.02 -2.77 -2.72 -2.26 -3.33 -3.20 -2.46 -1.64 
Column El Column E2 
1=' tracer 2""^ tracer 3"^ tracer 4"^ tracer 1^'tracer 2"" tracer 3"^ tracer 4"^ tracer 
Time (h; 1.43 1.07 0.72 0.34 0.97 0.73 0.50 0.25 
2 , -3.60 -3.07 -3.15 -3.43 -2.49 -2.40 -2.50 -2.32 
Depth 3 -3.95 -3.30 -3.35 -3.44 -2.16 -2.09 -2.18 -1.99 
(cm) 4 -3.36 -3.05 -3.02 -2.84 -2.50 -2.43 -2.50 -2.21 
5 -2.66 -2-50 -2.51 -2.15 -2.53 -2.43 -2.51 -2.10 
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